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Background

The objective of our study was to investigate the risk factors for a decrease in ovarian reserve in patients with endometriomas after standardized laparoscopic procedures and evaluation to provide corresponding clinical guidance for patients with fertility requirements.





Methods

Anti-Müllerian hormone (AMH) levels and other clinical data from 233 patients with endometriomas and 57 patients with non-endometrioma ovarian cysts admitted to the Peking Union Medical College Hospital between January 2018 and September 2023 were prospectively analysed. The pretreatment AMH levels of the study groups were compared to assess the impact of endometrioma on ovarian reserve, and the decrease in AMH after treatment was analysed to determine potential risk factors contributing to this change.





Results

Pretreatment AMH levels did not significantly differ between patients with endometriomas and those with non-endometrioma ovarian cysts. Within the endometrioma group, older age, higher body mass index (BMI), and shorter menstrual cycles were found to be associated with decreased AMH levels prior to treatment (p<0.05). Participants presenting with bilateral cysts, advanced surgical staging, or a completely enclosed Douglas pouch demonstrated significantly lower levels of AMH prior to treatment compared to those without these conditions (p<0.05). Furthermore, their AMH levels further declined within one year after undergoing laparoscopic cystectomy (p<0.05). However, there was no difference in AMH levels after surgery between patients who successfully became pregnant and those who did not (p>0.05).





Conclusion

Laparoscopic removal of endometriomas can adversely affect ovarian reserve, especially during bilateral cysts removal and when patients are diagnosed as having a higher stage of endometriosis, further impacting ovarian function. It should be noted that a decrease in AMH levels may not necessarily indicate an absolute decline in fertility. Therefore, it is crucial to conduct thorough patient evaluations and provide comprehensive patient education to offer appropriate guidance for fertility preservation.
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Background

Endometriosis (EM) is a prevalent gynaecological disorder in women and is defined by the ectopic implantation of endometrial cells outside the uterine lining. This condition can significantly compromise both the quality of life and reproductive health of affected individuals (1). Ovarian endometrioma (OEM) is the most common form of EM on the ovary and is known to diminish the ovarian reserve, making it a leading cause of EM-associated infertility. Although laparoscopic ovarian cystectomy used to be a primary therapeutic approach (2), there were challenges regarding the effectiveness of non-invasive treatments, such as dienogest (3), and their own effects on ovarian function and fertility; thus, the first-line surgical method and subsequent treatment to protect mainly fertility are the subject of ongoing debate.

Since there are no serum markers for direct quantification of the primordial follicle count, markers indicative of growing follicles have emerged as the optimal alternative for gauging ovarian reserve. For example, anti-Müllerian hormone (AMH) is secreted by granulosa cells in females and plays a pivotal role in inhibiting the activation of primordial follicles and the follicle-stimulating hormone (FSH)-driven growth of antral follicles, thus preventing undue follicular attrition. AMH levels closely correlate with the number of growing follicles (4), as these follicles release AMH, and AMH expression persists from secondary follicles to the antral follicle stage (5). Recently, AMH has gained traction in clinical practice as a reliable marker for ovarian reserve assessment because of its potential value in predicting the pregnancy outcome after laparoscopic excision of the endometrioma (6, 7). This is attributed to its consistent levels throughout the menstrual cycle, with minimal diurnal fluctuations (8) and high stability, making it a valuable tool for research.

Current studies present conflicting perspectives regarding the impact of endometriomas on ovarian reserve, potential influencing factors on AMH levels both before and after laparoscopic cystectomy, and the efficacy of AMH in predicting pregnancy outcomes. The heterogeneity of AMH measurements, surgeons, and treatment procedures poses a significant limitation in most relevant research studies. To address these limitations, we conducted a prospective cohort study of patients who underwent laparoscopic cystectomy performed by the same surgeon using consistent procedures. The main aim of our study was to examine controversial factors that might contribute to the decline in pre- and posttreatment AMH levels. We also investigated the difference in AMH concentration between endometriomas and non-endometrioma ovarian cysts and the association between AMH and fertility outcome. These findings will offer valuable insights for the accurate interpretation of pre- and posttreatment AMH values as well as for the prediction of compromised ovarian reserve after ovarian cystectomy in clinical practice.





Methods




Study protocol

In this investigation, our objective was to ascertain the viability of using the AMH concentration as an indicator of ovarian reserve function before and after surgical intervention and to examine the associated determinants. This was a prospective observational cohort study. The analysis of clinical data was conducted for patients who underwent laparoscopic ovarian cystectomy at Peking Union Medical College Hospital between January 2018 and September 2023 due to ovarian cyst diagnoses. The cohort included women of reproductive age, ranging from 18 to 45 years, who were diagnosed with an ovarian cyst but had not previously been subjected to invasive procedures such as aspiration, laparoscopy, or transabdominal cystectomy. All participants who underwent standardized laparoscopic cystectomy performed by the same senior surgeon, Dr. Leng, were included for postoperative comparison. The patients’ information, clinical characteristics, and surgical condition assessment were documented in a dedicated database specifically designed for this study. Based on histopathological findings, participants were categorized into an OEM (case) group and non-endometrioma (control) group. The control group comprised patients diagnosed with mature cystic teratomas, serous cystadenomas, mucinous cystadenomas, or borderline cystadenomas. The participants were requested to return to the outpatient department for a follow-up data collection at 1-month, 6-month, and 1-year intervals subsequent to the surgical procedure. The study protocol was approved by the Human Ethics Committee of Peking Union Medical College Hospital, and informed consent was obtained from all participants.





Pathomorphology and biochemical analysis

The surgical tissue samples were promptly fixed in 10% neutral buffered formalin and sent to the Pathomorphology Department for preservation. Two pathomorphologists, who were unaware of the sample origins, independently evaluated the haematoxylin and eosin (H.E.) stained slides prepared from paraffin-embedded tissues, selecting appropriate samples for immunohistochemistry. Four-micron-thick sections were prepared for further analysis.

The AMH concentration and all blood tests were analysed at the Department of Clinical Laboratory, Peking Union Medical College Hospital. The AMH levels were simultaneously measured in all samples using the chemiluminescent kit ACCESS AMH on a UniCel® DxI 800 Immunoassay System (Beckman Coulter, Brea, CA, USA), with reference intervals ranging from 0.67 to 11.64 ng/ml.





Outcomes

The dataset included preoperative data, including demographic details, such as age, body mass index (BMI), menstrual cycle length (MCL); clinical characteristics, such as disease duration, history of acute abdominal pain, records of prior abdominal surgeries excluding ovarian procedures (including appendectomy, caesarean section, renal surgeries, and gallbladder operations). The assessment of pain using the visual analogue scale (VAS) involves the utilization of a ruler equipped with precise markings, enabling patients to accurately indicate their pain intensity by marking the corresponding position on the ruler. Subsequently, physicians assign a score based on the marked position, facilitating a relatively objective evaluation of pain levels before and after treatment, while accounting for potential individual variations (9).

Laboratory test results, such as baseline AMH values, presurgical carbohydrate antigen 125(CA125) with reference intervals ranging from 0 to 35 U/ml, follicle-stimulating hormone(FSH)/luteinizing hormone (LH) ratios, haemoglobin with reference intervals ranging from 110 to 150g/l, and average postoperative AMH levels; and presurgical medication, including gonadotropin-releasing hormone agonist (GnRH-a) and oral contraceptives (OCs; drospirenone and ethinylestradiol tablets) were also analysed. The criteria for diagnosing adenomyosis are based on transvaginal ultrasound imaging, developed by the Morphological Uterus Sonographic Assessment (MUSA) Collaborative Group authorized by the International Federation of Gynaecology and Obstetrics (FIGO) in 2018 (10). Intraoperative circumstances, such as laterality of the cyst, maximum cyst dimension, cyst volume, surgical stage according to the revised American Fertility Society (rAFS) (11), deep infiltrating endometriosis (DIE) and adhesion of the Douglas pouch, were also recorded.

Postoperative follow-up data were extracted from outpatient medical records and telephone consultations. Given that age might influence the degree to which AMH levels decrease, AMH levels were recorded at specific intervals within the year following surgery. Postsurgical AMH levels were documented at 1-month, 6-month, and 1-year intervals. The average AMH concentration was utilized given its potential variability over time. All the data were gathered within a two-year window after surgery to account for age as a potential factor affecting AMH decline and postsurgical fertility outcomes in those reporting more than one year of presurgical infertility (the failure to achieve a pregnancy after 12 months or more of regular unprotected sexual intercourse) (12). Primary infertility is identified when a pregnancy has never been achieved by a person, and secondary infertility is when at least one prior pregnancy has been achieved. The sperm analysis of their spouses was conducted in accordance with the sixth edition of the World Health Organization (WHO) laboratory manual for the examination and processing of human semen (13). Additional data, such as postsurgical treatments and pregnancy outcomes for patients who reported infertility prior to the procedure, were also gathered.





Statistical analysis

After conducting normality test on all continues variables, continuous variables were presented as the mean ± standard deviation (data exhibited a normal distribution) or medians (interquartile ranges, IQRs) (variables with skewed distributions). The group comparisons were conducted using Student’s t-test for continues variables with standard deviation, the Mann-Whitney U test or the Kruskal-Wallis test for two or more groups of independent samples with non-normal distribution. Categorical variables were presented as counts (percentages) and were compared using the chi-square test. The Spearman correlation analysis was employed to ascertain the association between continues variables and pretreatment levels and the decline of AMH levels. Linear regression models were used to adjust bias where appropriate. The data were processed and analysed using Statistical Program for the Social Sciences Statistics (SPSS, Version 22.0. Armonk, NY: IBM Corp). The statistical significance was determined when the p value < 0.05. The post hoc analysis was conducted to assess the statistical power of the study using G*Power (version 3.1.9.7 for Windows, Universität Düsseldorf).






Results

In this study, a cohort of 290 patients was analysed. Of these, 233 patients were histologically confirmed to have an OEM following surgery, and 57 patients were diagnosed with a non-OEM. The post hoc analysis of the statistical powering was 0.96 analysed by G*Power (version 3.1.9.7 for Windows, Universität Düsseldorf). The demographic details are presented in Supplementary Table 1. There was no statistically significant difference in the demographic baseline of the participants across the groups.




Clinical data of the compared participants

The median preoperative AMH concentrations were 2.76 (IQR: 3.38) ng/ml in the OEM group and 3.31 (IQR: 2.26) ng/ml in the control group, showing no significant difference between the two groups. The median disease duration for OEM patients was significantly longer than that for the non-OEM patients (p=0.010). Furthermore, patients diagnosed with OEM were more prone to experience severe dysmenorrhea with a higher VAS score (p<0.001), elevated CA125 levels (p<0.001), and history of acute abdominal pain (p=0.033). Additionally, coexistence with adenomyosis was more prevalent among OEM patients (p<0.001). Bilateral cysts were observed in 48.07% (112/233) of the patients with OEM, which was significantly higher than the 21.05% (12/57) in the patients with non-OEM, indicating a substantial disparity between the two groups (p<0.001). The maximum diameter of the unilateral cysts did not show a significant difference between the two groups (p=0.074). However, there was a noticeable disparity in the combined cyst volume between OEM patients and controls, possibly due to the lateral positioning of the cysts (p=0.029) (Table 1).

Table 1 | Clinical data of the compared participants.
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Clinical characteristics and the decline of preoperative AMH level

To examine the factors influencing preoperative AMH levels, we conducted a Spearman correlation analysis on pretreatment AMH values for the two separate groups. Notably, age was significantly negatively correlated with AMH levels (r_EM=-0.462, p_EM<0.001; r_control=-0.418, p_control=0.001), while MCL was positively correlated with AMH levels (r_EM=0.213, p_EM=0.001; r_control=0.471, p_control<0.001). In the endometrioma group, a negative correlation was observed between BMI and AMH level (r_EM=-0.181, p_EM=0.006), but this correlation was not detected in the control group (r_control=-0.024, p_control=0.858) (Table 2). No correlations were detected among disease duration, VAS score, CA125 concentration, maximum cyst diameter, total cyst volume, and preoperative AMH level (Supplementary Table 2).

Table 2 | Spearman Correlation Analysis between Clinical Characteristics and Preoperative AMH Level.


[image: Table comparing correlation coefficients and p-values for OEM (N=233) and Control (N=57) groups across three categories: Age, BMI, and Menstrual Cycle Length. Age shows negative correlations with significant p-values in both groups. BMI shows a weak negative correlation with a significant p-value in the OEM group, but not in the Control group. Menstrual Cycle Length shows positive correlations with significant p-values in both groups. Footnotes explain BMI as body mass index and MCL as menstrual cycle length.]
In the OEM group, a comparative analysis was conducted on the preoperative AMH levels between patients with unilateral and bilateral cysts. The median AMH concentrations were 3.03 (IQR 3.61) ng/ml for those with a unilateral cyst and 2.71 (IQR 2.93) ng/ml for patients with bilateral cysts, demonstrating a statistically significant difference (p=0.041) (Table 3). Lateral disparities in AMH levels were also observed in the control group as well (p=0.048) (Supplementary Table 3). Additionally, patients with coexisting adenomyosis had a reduced AMH concentration, with a median of 2.45 (IQR 2.14) ng/ml, compared to those without adenomyosis, who had a median AMH concentration of 3.19 (IQR 3.32) ng/ml (p=0.004). After adjusting for age, no significant differences were observed between individuals with or without coexisting adenomyosis (Table 3).

Table 3 | Differences in pretreatment AMH levels according to different clinical characteristics in the OEM cohort.
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Furthermore, stage 4 patients had a lower median AMH level (2.51 (IQR 3.06) ng/ml) than did stage 3 patients, who had a median AMH level of 3.19 (IQR 3.39) ng/ml (p=0.006). Considering the state of the Douglas pouch, patients with a completely closed Douglas pouch had a significantly lower median AMH value of 2.48 (IQR 2.84) ng/ml than patients with a semiclosed pouch, with a median of 3.40 (IQR 3.90) ng/ml (p=0.013), or a nonclosed pouch, with a median of 3.18 (IQR 3.26) ng/ml (p=0.004). No significant differences were observed in AMH levels between patients with or without infertility complaints, or those with or without a previous history of acute abdominal pain or any other form of abdominal surgery (p>0.05) (Supplementary Table 4).





Clinical characteristics and the decline of posttreatment AMH level

Follow-up information was available for one hundred and fourteen of the participants. The average AMH level for each individual within the year following surgery was determined. The median AMH concentration postoperatively was 1.12 (IQR 1.79) ng/ml, which significantly differed from the preoperative median AMH concentration of 3.03 (IQR 3.33) ng/ml (p<0.001). Given the baseline AMH discrepancies among patients, the postoperative AMH concentration was expressed as a percentage of the pretreatment AMH concentration to indicate the decrease in AMH concentration after surgery, with a median of 0.39 (IQR 0.40).

An analysis was performed to discern potential factors affecting the postsurgical reduction in AMH. However, factors such as age, BMI, length of menstrual cycle, disease duration, VAS score, CA125 concentration, pretreatment AMH concentration, total cyst volume, and maximum diameter of the cyst did not significantly correlate with the decrease in postoperative AMH concentration, as determined by the Spearman correlation test (p>0.05) (Supplementary Table 5).

More than 56% of patients (64/114) who underwent bilateral cystectomy experienced a more pronounced reduction in AMH levels than did those who underwent unilateral cystectomy (p<0.001). Patients with concurrent adenomyosis also had a more pronounced decrease in AMH levels than did those without adenomyosis (p=0.034). However, after adjusting for age, there was no statistically significant difference observed between patients with coexisting adenomyosis and those without (Table 4).

Table 4 | Regressive postoperative AMH levels in patients with OEM across diverse clinical profiles.
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Per the rAFS staging criteria, patients with stage 4 EM had steeper reductions in AMH levels than did those with stage 3 EM (p<0.001). Regarding the status of the Douglas pouch, patients with a completely closed Douglas pouch had a significantly lower AMH concentration than did those with either a non-closed (p=0.003) or semiclosed Douglas pouch (p=0.013) (Table 4).

Factors such as a history of OEM rupture, prior abdominal surgery, or the use of haemostatic or antiadhesive materials during surgery, the incidence of monolocular or multilocular cysts, treated with GnRH-a all did not impact the postsurgical decrease in AMH (p>0.05) (Supplementary Table 6).





Pregnant outcomes of the infertility participants

Prior to surgery, a total of twenty-one participants reported infertility. Out of the participants who encountered difficulties in conceiving, 66.7% (14/21) experienced primary infertility, while 33.3% (7/21) faced secondary infertility. Among those with secondary infertility, one individual had previously undergone a successful full-term pregnancy. Approximately eighty-five percent (18/21) of their partners exhibited normal results in sperm examinations, while in 14.3% cases (3/21), the spouses displayed reduced sperm motility and were concurrently undergoing treatment while attempting conception. In all cases included in this study, the selected method of assisted reproduction was in vitro fertilization-embryo transfer (IVF-ET). Of the twenty-one patients who reported infertility prior to surgery, only one underwent surgery within a year, while the remaining twenty underwent surgery after more than a year. Of these twenty patients, thirty percent (6/20) achieved natural or artificially assisted conception and went on to have full-term deliveries. The postoperative AMH concentrations were 1.04 (IQR 0.89) ng/ml for patients with infertility and 0.31 (IQR 3.14) ng/ml for patients who became pregnant postoperatively, and the difference was not significant (p=0.885).






Discussion

The prospective analysis of AMH levels prior to treatment in patients with OEM and other ovarian cysts suggests that OEM have no significant impact on pretreatment AMH levels compared to the control group. In terms of potential clinical factors affecting the pretreatment AMH levels, age and BMI were negatively correlated with AMH, while menstrual cycle length was positively correlated with AMH. Patients presenting with bilateral cysts, advanced-stage EM, or complete occlusion of the Douglas pouch had reduced levels of AMH prior to treatment, which further declined following treatment.

Consistent with Streuli’s findings (14), our study revealed no significant difference in preoperative AMH levels between OEM patients and their non-OEM counterparts when controlling for age and BMI. However, several studies have reported lower preoperative AMH levels and antral follicle counts (AFCs) in OEM patients than in their non-OEM counterparts (15–17). Several molecular investigations suggest that the peritoneal fluid of EM patients contains more proinflammatory, chemotactic, angiogenic, and oxidative stress factors, which may adversely affect ovarian function (18, 19).

The ovarian reserve, a function of the number and health of primordial follicles, decreases with age (20). We noted that older patients had reduced AMH levels, although age did not correlate with a more substantial decrease in postsurgical AMH. However, the relationship between AMH and BMI in reproductive-aged women is ambiguous. In our OEM cohort, BMI was inversely correlated with AMH; this association was not detected in the non-OEM group. A review posited an uncertain relationship between BMI and AMH in women without PCOS but a potential negative correlation in PCOS patients (21). The length of the menstrual cycle was also found to be positively correlated with pretreatment AMH levels, which is consistent with Younis’ research (22). A decrease in the number and quality of follicles in the ovary might result in a shortened follicular phase prior to ovulation, which manifests as a reduced MCL compared to that of normal individuals, regardless of age.

There is a significant decrease in postsurgical AMH levels, whether measured at 1, 6, or 12 months, compared to pretreatment AMH levels. Existing studies support the notion that patients who undergo laparoscopic ovarian cystectomy, regardless of whether it is for OEM or other benign cysts, experience a substantial decrease in postoperative AMH levels, indicating a diminished ovarian reserve (23, 24). The reason for this decrease could be accidental damage to healthy ovarian tissue (25), compromised ovarian blood flow postadhesiolysis (26), or thermal damage during coagulation of small bleeding vessels within the ovarian parenchyma (27). This decline might persist (28) or be transient (26, 29).

The pretreatment AMH level are significantly lower in cases of bilateral ovarian cysts compared to unilateral, and the posttreatment decline in AMH is more pronounced (30, 31). Evidence suggests that bilateral laparoscopic  cystectomy increases the risk of premature ovarian failure and early menopause (32), potentially due to prolonged ovarian ischemia resulting from bilateral surgeries. Some studies note that cystectomy may remove portions of ovarian tissue during stripping of the OEM wall, thereby decreasing the follicle count (25). However, pathological results did not reveal a follicular morphology that is usually visible in normal ovarian tissue (33, 34). Notably, cyst size did not correlate with AMH reductions, consistent with findings from Somigliana (35) and Hirokawa (36).

The severity of EM and presence of DIE might have an impact on pre- and posttreatment AMH levels. Our research revealed that patients with advanced EM or a completely occluded Douglas pouch, indicative of severe pelvic adhesions due to EM, had reduced preoperative AMH levels and a more considerable postsurgical decline. The decrease in AMH pretreatment might be caused by chronic inflammation and increased levels of cytokines, especially IL-6, which have been shown to be associated with the occurrence of EM-associated infertility (37, 38). However, the enduring decrease after treatment may arise from compromised ovarian blood flow postadhesiolysis (26). A more advanced adhesion may lead to an increased vascular damage and a decreased postsurgical blood supply. The excision of DIE lesions has been reported to contribute to the improvement of the pregnancy rate as well (6). However, factors such as prior nongynecological abdominal surgeries or cyst ruptures did not affect AMH levels.

The haemostatic method used during surgery might affect postoperative AMH levels. While some studies favour suture haemostasis over bipolar coagulation for preserving ovarian function (26, 39–41), the protective effect of sutures on ovarian function may be limited (42, 43). A comparison between sutures and electric coagulation was not possible in this study due to the consistent use of electric coagulation for controlling bleeding at specific points during surgical procedures. However, we found no significant differences in AMH levels in our comparison of the use of haemostatic or antiadhesive materials during surgery.

Patients with adenomyosis had lower pretreatment AMH levels and a greater posttreatment decline, but their median age was higher than that of patients without adenomyosis, suggesting potential age-related bias. After adjusting for age, no significant differences were observed between individuals with or without coexisting adenomyosis. The relationship between adenomyosis and AMH concentration remains uncertain (44).

Our data did not reveal substantial impacts of GnRH-a or other drug treatments on ovarian reserve. The literature suggests variable AMH responses to GnRH-a, with some studies noting a transient AMH decline that eventually normalizes (45, 46). According to the 2022 guidelines of the European Society of Human Reproduction and Embryology (ESHRE) (47), it has been suggested that suppressing ovarian function does not yield improved fertility outcomes in women diagnosed with EM.

There are many factors that might influence the AMH concentration before or after treatment, and the main aim of all the studies was to investigate the ultimate effect on fertility. However, a diminished ovarian reserve seems not to be associated with reduced future reproductive capacity (7, 48). Of our sample, 20 patients reported infertility before surgery. The postoperative AMH concentrations were 1.04 (IQR 0.89) ng/ml for patients with infertility and 0.31 (IQR 3.14) ng/ml for patients who became pregnant postoperatively, while the difference was not significant (p=0.885). It is important to note that the limited sample size may have contributed to these non-significant findings. Despite women who have previously undergone laparoscopic cystectomy for OEM experiencing a lower number of retrieved oocytes and a reduced cumulative chance of achieving a live birth from a single IVF cycle, compared to those with other types of infertility (49), there was no evidence suggesting any decline in oocyte (50) or embryo quality (51). Therefore, the rates of pregnancy and delivery remained fully comparable and overlap with those observed in cases of other causes of infertility (52, 53).

In order to provide the opportunity for superior quality stored oocytes and affording individuals additional time to contemplate their reproductive aspirations, oocyte cryopreservation has recently emerged as a promising therapeutic approach for patients diagnosed with OEM (54). The issue of whether pre-surgical cryopreservation of oocytes is advisable continues to be a subject of intense debate, requiring comprehensive assessment of patient-specific factors including potential complications, oocyte viability restoration, and cost-effectiveness (55, 56).

The strength of this study lies in its consistency: all patients underwent surgery performed by the same team using standardized procedures. This approach effectively reduces variability resulting from differences in surgical proficiency or other external factors. Additionally, we conducted a comprehensive analysis and evaluation of all potential factors present in clinics, regardless of their positive or negative results, to investigate their potential impact on pretreatment or posttreatment ovarian reserve. This research aims to assist clinicians in accurately assessing the severity of these influences and making informed clinical decisions. The limitations of individualized postoperative treatment regimens in real-world research underscore the imperative for further investigation through meticulously designed and executed prospective studies.





Conclusion

In conclusion, laparoscopic cystectomy has a significant impact on ovarian reserve, particularly in patients who undergo bilateral cyst removal or have more severe endometriosis, rather than the presence of endometrioma itself. However, a decrease in AMH levels may not necessarily indicate an absolute decline in fertility outcomes. Therefore, it is crucial to thoroughly assess all factors that can influence ovarian reserve prior to surgery and ensure comprehensive patient education. Further research is needed to establish a stronger correlation between AMH levels and fertility outcomes.
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Objective

Despite the developments of in vitro fertilization (IVF) protocols, implantation failure remains a challenging problem, owing to the unbalance between the embryo, endometrium, and immune system interactions. Effective treatments are urgently required to improve successful implantation. Recently, many researchers have focused on granulocyte colony-stimulating factor (G-CSF) to regulate immune response and embryo-endometrium cross-talk. However, previous studies have reported inconsistent findings on the efficacy of G-CSF therapy on implantation failure. The objective of this review was to further explore the effects of G-CSF according to administration dosage and timing among women who experienced at least one implantation failure.





Methods

We systematically searched MEDLINE, Embase, the Cochrane Central Register of Controlled Trials, Scopus, and Web of Science for randomized controlled trials of G-CSF on implantation failure up to July 21, 2023. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated and the heterogeneity of the studies with the I2 index was analyzed.





Results

We identified a total of 2031 studies and finally included 10 studies in the systematic review and meta-analysis. G-CSF administration improved the clinical pregnancy rate (CPR), implantation rate (IR), biochemical pregnancy rate (BPR), and live birth rate (LBR) in women with at least one implantation failure. Subgroup analyses showed that G-CSF treatment could exert good advantages in improving CPR [OR=2.49, 95%CI (1.56, 3.98), I2 = 0%], IR [OR=2.82, 95%CI (1.29, 6.15)], BPR [OR=3.30, 95%CI (1.42, 7.67)] and LBR [OR=3.16, 95%CI (1.61, 6.22), I2 = 0%] compared with the blank control group. However, compared with placebo controls, G-CSF showed beneficial effects on CPR [OR=1.71, 95%CI (1.04, 2.84), I2 = 38%] and IR [OR=2.01, 95%CI (1.29, 3.15), I2 = 24%], but not on LBR. In addition, >150μg of G-CSF treatment increased CPR [OR=2.22, 95%CI (1.47, 3.35), I2 = 0%], IR [OR=2.67, 95%CI (1.47, 4.82), I2 = 0%] and BPR [OR=2.02, 95%CI (1.17, 3.47), I2 = 22%], while ≤150μg of G-CSF treatment improved miscarriage rate (MR) [OR=0.14, 95%CI (0.05, 0.38), I2 = 0%] and LBR [OR=2.65, 95%CI (1.56, 4.51), I2 = 0%]. Moreover, G-CSF administration on the day of embryo transfer (ET) could increase CPR [OR=2.81, 95%CI (1.37, 5.75), I2 = 0%], but not on the day of ovum pick-up (OPU) or human chorionic gonadotropin (HCG) injection.





Conclusion

G-CSF has a beneficial effect on pregnancy outcomes to some extent among women who experienced at least one implantation failure, and the administration dosage and timing influence the effect size.




Systematic review registration

https://www.crd.york.ac.uk/prospero/, identifier CRD42023447046.
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Highlights

	Question/Objective: What are the effects of different administration dosages and timing of granulocyte colony-stimulating factor (G-CSF) for women experienced at least one implantation failure?

	Findings: Ten RCTs evaluating the effect of different administration dosages and timing of G-CSF for women with at least one implantation failure were included. The present study demonstrated that G-CSF improved pregnancy outcomes. More specifically, >150μg of G-CSF treatment increased clinical pregnancy rate (CPR), implantation rate (IR), and biochemical pregnancy rate (BPR), while ≤150μg of G-CSF treatment improved miscarriage rate (MR) and live birth rate (LBR). In addition, G-CSF administration on the day of embryo transfer (ET) could increase CPR, but not on the day of ovum pick-up (OPU) or human chorionic gonadotropin (HCG) injection.

	Meaning: Based on the meta-analysis, G-CSF could improve pregnancy outcomes, and the administration dosage and timing influence the effect size.







Introduction

Embryo implantation is a key process in reproduction, most of the pregnancy failures happen during the embryo implantation period (1). The incidence of implantation failures varies from 8 to 33% in the general population (2). Despite the developments of in vitro fertilization (IVF) protocols, the embryo implantation rate is only 20-30%, and only 40% even if the blastocyst is transferred. Around 10-15% of patients undergoing assisted reproductive technology (ART) procedures experience unexplained recurrent implantation failures (3–5). Given the challenges encountered with the incidence of implantation failure, additional efforts are urgently required to increase successful fertilization and implantation.

Embryo implantation is regulated by several factors, the balance between the embryo, endometrium, and immune system interactions are essential for successful implantation (2, 6). It is estimated that embryos account for one-third of implantation failures, while suboptimal endometrial receptivity and altered embryo-endometrial cross-talk are responsible for the remaining two-thirds (7–9). However, there are some other influential factors, such as anatomic structure, autoimmune factors, thrombophilic conditions and lifestyle (10), which means that a multidisciplinary approach is required for the management of implantation failure. Various interventions have been developed to improve implantation, especially for those with repeated implantation failure. These approaches include endometrial scratch injury (11), improving endometrial thickness in women with thin endometrium (12), intrauterine human chorionic gonadotrophin (13), intravenous Atosiban (14), preimplantation genetic screening (15), and the use of immunomodulators (16). Despite these therapeutic alternatives, implantation failure remains a challenging problem.

Granulocyte colony-stimulating factor (G-CSF) is a hematopoietic-specific cytokine synthesized by bone marrow cells, stromal cells, fibroblasts, and macrophages (17), and has been proven to originate from some reproductive tissue cells (18). Particularly, some pieces of evidence have shown that G-CSF and its receptor are located in luteinized granulose cells, trophoblastic cells and oocytes (19–21), indicating the importance of this cytokine in implantation. Moldenhauer LM et al. found that G-CSF temporarily suppresses the immune response and plays an essential part in embryo-endometrium cross-talk through its effects on type two T helper cells and endometrial angiogenesis (22). In 2009, G-CSF was first successfully used in patients with recurrent abortions (23), and later several clinical trials suggested that G-CSF administration may improve the success of IVF in thin endometrium (24, 25). The therapeutic effect of G-CSF in patients with recurrent implantation failure (RIF) has been investigated as early as 2000, and the results show that systematic administration of G-CSF can enhance the implantation rate dramatically (26). Since then, bulks of studies with controversial results have evaluated the effect of G-CSF on implantation failures due to poor endometrial thickness or other reasons. In the study of Aleyasin and coworkers, administration of single-dose subcutaneous G-CSF before implantation significantly increases implantation and pregnancy rates in infertile women with repeated IVF failure (27). However, Kalem and colleagues showed that the administration of G-CSF into the uterine cavity in RIF patients with normal endometrium did not alter the endometrial thickness, clinical pregnancy rate, or live birth rate (28).

Synthesized evidence is needed to help clinicians choose an appropriate treatment for infertility women with implantation failure. However, the current meta-analysis shows many shortcomings. For example, Kamath MS et al. showed that the pregnancy rate of RIF in the G-CSF group was significantly higher than that in the placebo group (29). Nevertheless, only two articles were included, which contributed to bias in the outcome. Recently, Hou, et al. indicated that G-CSF improved the clinical pregnancy rate (CPR) in patients with unexplained RIF for both the fresh and frozen embryo transfer cycles, and for both subcutaneous injection and intrauterine infusion (30). However, it failed to compare the effects of different dosages of G-CSF on pregnancy outcomes. Furthermore, the best administration timing for G-CSF remains uncertain. In this systematic review and meta-analysis, in addition to the CPR, biochemical pregnancy rate (BPR), implantation rate (IR), miscarriage rate (MR) and live birth rate (LBR), subgroup analysis was conducted according to administration dosage of G-CSF and timing of intervention to obtain further information on the influence of G-CSF on implantation failure patients.





Methods

This systematic review adheres to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) and was registered with the International Prospective Register of Systematic Reviews (PROSPERO), number CRD42023447046.




Search strategy and eligibility criteria

We selected relevant studies from the following databases: MEDLINE, Embase, the Cochrane Central Register of Controlled Trials, Scopus and Web of Science. We developed a search strategy from text and MeSH terms related to “granulocyte colony-stimulating factor,” “G-CSF,” “implantation failure,” “endometrium,” “in vitro fertilization,” “IVF,” and “intracytoplasmic sperm injection” up to July 21, 2023. Additionally, references and citations of the relevant literature retrieved were carefully searched to find more additional eligible literature.

We included studies that compared G-CSF to no intervention, placebo, or any other treatments. We identified eligible studies according to the following criteria: participants had to be subfertile women who experienced one or more implantation failures and have no uterine adhesions; the outcomes were medically confirmed pregnancy outcomes including CPR, IR, BPR, LBR, and MR; study design must be double-blind RCTs. Exclusion criteria were as follows: observation studies, animal studies, case reports, self-pro-post studies, conference abstracts and review articles; studies not published in English. For the overlapped sample sources, we included the report with more information and larger sample sizes.

Two independent investigators reviewed study titles and abstracts, and studies that satisfied the inclusion criteria were retrieved for full-text assessment. The agreement of both investigators determined final eligibility. Disagreements were referred to a third reviewer to reach consensus.





Data extraction and assessment of risk bias

Two reviewers independently extracted the following data from each included study using a specifically designed form: study design, sample sizes, participant characteristics, the number of previous implantation failures, intervention details, and outcome parameters. Extracted data were abstracted directly onto previously designed standardized electronic form.

Two independent reviewers assessed the included studies for methodological quality using the Cochrane risk of bias tool, containing seven specific domains. We resolved any disagreements by consensus or by discussion with a third author. Each domain was assigned a judgment relating to the risk of bias for that study classified as low, high, or unclear risk. Disagreements were referred to a third reviewer to reach a consensus.





Statistical analysis

The odd ratio(OR) and the corresponding 95% CI were calculated for all dichotomous data. The pooled ORs were calculated through a Mantel-Hansel fixed-effects model if there was no heterogeneity; otherwise, a random-effects model was adopted. We assessed statistical heterogeneity using the I2 statistic, with values greater than 50% regarded as moderate-to-high heterogeneity. We performed prespecified subgroup analyses according to the following parameters: dosage of administration of G-CSF and intervention timing. We did Egger tests to assess funnel plot asymmetry and defined significant publication bias with a p-value lowing 0.1. We conducted the statistical analyses with Review Manager(Revman5.3.3, Cochrane Collaboration, Copenhagen, Denmark, 2014) and Stata software (version 14.0, Stata Corp LP, Texas, USA, 1985-2015).






Results




Search results

In total, we identified 2031 studies, and 1049 studies remained after we removed duplicates. Subsequently, we excluded 999 studies after reviewing the titles and abstracts. Of the remaining 50 articles assessed for eligibility, 40 studies were further excluded after reading the full text for the following reasons: 9 were abstracts; 15 studies were not part of the literature about implantation failures; 12 studies were not RCTs, 4 of them were self-pro-post control studies. Finally, ten studies reported sufficient data (27, 28, 31–38), while nine studies were included in the quantitative synthesis (27, 28, 31–37). A flow diagram depicting the search and selection process is shown in Figure 1.

[image: A flowchart illustrating the selection process in a study. It begins with 2031 records identified through database searching. After removing 982 duplicates, 1049 records are screened. From these, 999 reports are excluded. Fifty full-text articles are assessed for eligibility, with exclusions due to abstract-only (9), not randomized controlled trials (12), self-proposed post studies (4), and participants with thin endometrium but no implantation failure history (7). Ten studies undergo qualitative analysis, leading to nine studies included in quantitative synthesis. Steps are categorized under identification, screening, eligibility, and inclusion.]
Figure 1 | Flow diagram for study selection process.





Description of included studies

The meta-analysis contained 942 participants: 454 women in the intervention group,99 of whom were in the HCG group, and 389 were in the control group. Mean age ranged from 31.75 ± 5.16 to 35.5 ± 4.32 years old. Seven studies compared the G-CSF group with the control group (no intervention or placebo) (27, 28, 31, 33–36), one compared the G-CSF group with the HCG group (32), and one study included three arms: G-CSF group, placebo group and HCG group (37). In two studies, G-CSF was administered by subcutaneous injection (27, 31), while in all the other studies included, G-CSF was used by intrauterine perfusion. Seven studies analyzed fresh cycles (27, 28, 31, 32, 34, 36, 37), one compared frozen cycles (35), and one included both fresh and frozen cycles (33). Participants in all of these studies had endometrial thicknesses greater than 7mm (Table 1).

Table 1 | Characteristics of included trials.


[image: Table comparing multiple studies on recurrent implantation failure (RIF) treatments in IVF cycles. It includes study details such as author, year, study design (RCT), sample sizes, cycle type (fresh or frozen), inclusion criteria, intervention group specifics, control group treatments, and outcomes like clinical pregnancy rates. Various dosages and administration methods of G-CSF and other treatments are detailed, with outcomes including clinical pregnancy rate (CPR), implantation rate (IR), and different birth rates.]
One RCT could not be included in the quantitative analysis due to the absence of outcomes in the placebo group. Rezaei Z. et al. observed the beneficial effects of CPR in both the intrauterine group and the subcutaneous group, with no significant difference between the two groups. Besides, they also reported significantly lower drug side effects in the intrauterine group (38).





Risk of bias in included studies

We assessed the risk of bias in all included studies, as demonstrated in Figure 2. All of the included studies reported adequate methods for random sequence generation. Five studies did not specify whether data collectors and outcome assessors were masked to treatment allocation (28, 31, 33–35). Two studies were rated at low risk of bias (32, 36), and two were judged to be at high risk because of open-label or incomplete outcome data (27, 31).

[image: Chart assessing bias across multiple studies with green plus indicating low risk, yellow question mark indicating unclear risk, and red minus indicating high risk. Columns represent different types of bias: random sequence generation, allocation concealment, blinding of participants, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias. Rows list studies: Aleyasin 2016, Arefi 2018, Bakry 2022, Davari 2016, Eftekhar 2016, Huang 2022, Kalem 2020, Karimi 2020, and Torky 2022.]
Figure 2 | Risk of bias summary: review authors' judgements about each risk of bias item for each included study.





G-CSF versus no intervention




CPR

All of the studies, comparing the G-CSF group with the control group, described CPR. Considering the low heterogeneity (I2 = 15%), a fixed-effects model was utilized for the meta-analysis, and the result showed that G-CSF could better improve the CPR [OR=1.98, 95%CI (1.48, 2.65)], as shown in Figure 3A.

[image: Five forest plots (A, B, C, D, E) display odds ratios from various studies comparing experimental and control groups. Each panel shows study names, events, totals, weights, and odds ratios with confidence intervals. The x-axis represents odds ratio scales, indicating favor towards experimental or control. Each plot includes a diamond representing the overall effect and a heterogeneity test result. Plots A, B, and C favor experimental, while D shows neutral results, and E leans towards experimental.]
Figure 3 | Forest plot showing individual and combined effect size estimates and 95% confidence intervals (CIs) in studies that evaluated the effect of G-CSF on pregnancy outcomes in women who experienced at least one implantation failure. (A) clinical pregnancy rate. (B) implantation rate. (C) biochemical pregnancy rate. (D) miscarriage rate. (E) live birth rate.





IR

Four studies reported the IR and included 914 patients, 470 of whom were in the study group and 444 of whom were in the control group. A fixed-effects model was used for data synthesis, and the results indicated that G-CSF treatment improved the IR in patients with a history of implantation failure [OR=2.44, 95%CI (1.68, 3.54), I2 = 4%]; see Figure 3B for details.





BPR

Five studies compared BPR after different interventions in two groups. A fixed-effects model was adopted for data analysis, and the results showed that BPR was increased by G-CSF administration [OR=1.94, 95%CI (1.35, 2.79), I2 = 47%]; see Figure 3C for details.





MR

A total of six studies were reported and included 386 patients. A fixed-effects model was used for meta-analysis, and the results revealed that there was no significant difference in MR in the two groups with or without G-CSF [OR=0.68, 95%CI (0.33, 1.37), I2 = 41%]; see Figure 3D for details.





LBR

Four studies investigated the LBR after different treatments in the two groups, and the fixed-effects model was utilized for comparison. The results revealed that LBR was increased by G-CSF administration[OR=1.93, 95%CI (1.28,2.92), I2 = 42%]; see Figure 3E for details.






Subgroup analysis

We conducted a subgroup analysis based on different controls. Four studies were blank controls and five were placebo controls (saline or empty catheter entry into the uterine cavity). The results indicated that G-CSF treatment could exert good advantages in improving CPR [OR=2.49, 95%CI (1.56, 3.98), I2 = 0%], IR [OR=2.82, 95%CI (1.29, 6.15)], BPR[OR=3.30, 95%CI (1.42, 7.67)] and LBR [OR=3.16, 95%CI (1.61, 6.22), I2 = 0%] compared with the blank control group. However, compared with placebo controls, G-CSF showed beneficial effects on CPR [OR=1.71, 95%CI (1.04, 2.84), I2 = 38%] and IR [OR=2.01, 95%CI (1.29, 3.15), I2 = 24%], but not on LBR; see Figure 4 for details.

[image: Forest plots labeled A to E, showing odds ratios with confidence intervals for various studies comparing experimental and control groups. Subgroup analyses are included, with heterogeneity and overall effects detailed. Data points are represented by diamonds and horizontal lines on a logarithmic scale, indicating whether outcomes favor the experimental or control group based on the plotted positions.]
Figure 4 | Subgroup analysis comparing the effect of G-CSF on pregnancy outcomes based on different controls. (A) clinical pregnancy rate. (B) implantation rate. (C) biochemical pregnancy rate. (D) miscarriage rate. (E) live birth rate.

We also did subgroup analysis by administering a dosage of G-CSF on all of the pregnancy outcomes. The pooling results indicated that >150μg of G-CSF treatment could exert good advantages in improving CPR [OR=2.22, 95%CI (1.47, 3.35), I2 = 0%], but ≤150μg could not. Furthermore, both IR and BPR were higher in the >150μg subgroup[IR: OR=2.67, 95%CI (1.47, 4.82), I2 = 0%; BPR: OR=2.02, 95%CI (1.17, 3.47), I2 = 22%], but not in the ≤150μg subgroup. However, in the ≤150μg subgroup, MR was lower [OR=0.14, 95%CI (0.05, 0.38), I2 = 0%], and LBR was improved [OR=2.65, 95%CI (1.56, 4.51), I2 = 0%], but neither of them showed a significant difference in the >150μg subgroup; see Figure 5 for details.

[image: Five grouped forest plots labeled A to E, displaying meta-analyses of experimental vs. control groups for various studies. Each plot shows odds ratios with confidence intervals. Diamonds represent overall effect estimates, and horizontal lines indicate individual study estimates with confidence intervals. Vertical lines at 1 indicate no effect. Plots compare studies on two subgroups: those with total events over 150 and under 150, highlighting variation in treatment effects between subgroups.]
Figure 5 | Subgroup analysis comparing the effect of G-CSF on pregnancy outcomes based on different administration dosages. (A) clinical pregnancy rate. (B) implantation rate. (C) biochemical pregnancy rate. (D) miscarriage rate. (E) live birth rate.

When subgroup analysis was carried out according to different intervention timing, the results showed that G-CSF administration on the day of ET could increase CPR [OR=2.81, 95%CI (1.37, 5.75), I2 = 0%], IR[OR=2.82, 95%CI (1.29, 6.15)]and BPR[OR=3.30, 95%CI (1.42, 7.67)], while not on the day of ovum pick-up (OPU) or HCG injection. MR and LBR of different administration timing subgroups did not differ significantly; see Figure 6 for details.

[image: Five forest plots labeled A to E, each displaying odds ratios with confidence intervals for different subgroups. The x-axis represents odds ratios on a logarithmic scale, showing whether they favor the experimental or control group. Individual studies within each plot are represented by squares, and overall estimates are shown as diamonds. The plots include details like study names, event counts, and heterogeneity statistics.]
Figure 6 | Subgroup analysis comparing the effect of G-CSF on pregnancy outcomes based on different intervention timing. (A) clinical pregnancy rate. (B) implantation rate. (C) biochemical pregnancy rate. (D) miscarriage rate. (E) live birth rate.

We conducted a subgroup analysis based on the route of G-CSF administration. The pooling results indicated that both subcutaneous injection and intrauterine infusion of G-CSF improve CPR [subcutaneous OR=2.83, 95%CI (1.39, 5.75), I2 = 0%; intrauterine OR=1.84, 95%CI (1.34, 2.53), I2 = 20%]; and IR [subcutaneous OR=2.82, 95%CI (1.29, 6.15); intrauterine OR=2.01, 95%CI (1.29, 3.15), I2 = 24%]; see Figure 7 for details.

[image: Five panels labeled A to E, each containing forest plots comparing experimental and control groups across different studies. Each plot includes odds ratios with confidence intervals and weight percentages. Horizontal lines represent confidence intervals with a diamond shape indicating the overall effect. Statistical data such as heterogeneity and overall effects are presented for subcutaneous and intrauterine interventions across multiple studies.]
Figure 7 | Subgroup analysis comparing the effect of G-CSF on pregnancy outcomes based on the route of G-CSF administration. (A) clinical pregnancy rate. (B) implantation rate. (C) biochemical pregnancy rate. (D) miscarriage rate. (E) live birth rate.





G-CSF versus HCG

Two articles compared the values of G-CSF with HCG on pregnancy outcomes in patients with a history of implantation failure. Pooled analysis indicated that the CPR, IR and BPR in the G-CSF group were higher than those in the HCG group, but the difference was not statistically significant; see Figure 8 for details.

[image: Three forest plots labeled A, B, and C depict odds ratios and confidence intervals for studies by Bakry 2022 and Torky 2022. Each panel compares experimental and control groups. Odds ratio values suggest different effects, favoring either experimental or control. The heterogeneity statistics and overall effects vary across plots, indicating differences in study outcomes and significance levels.]
Figure 8 | Forest plot comparing the effect of G-CSF on pregnancy outcomes versus HCG. (A) clinical pregnancy rate. (B) implantation rate. (C) biochemical pregnancy rate.





Publication bias analysis

For publication bias, the funnel plot and regression analyses of Egger’s test indicated a relatively low likelihood of publication bias. The result is presented in Supplementary Figure 1.






Discussion

We performed a systematic review and meta-analysis to summarize the efficacy of G-CSF in women who experienced at least one implantation failure. Nine RCTs reported sufficient quantitative data which allowed for statistical pooling. The meta-analysis outcome showed that patients with a history of implantation failure could benefit from the use of G-CSF. When compared to the control group, the use of G-CSF was related to a statistically significant increase in the rates of clinical pregnancy, implantation, chemical pregnancy and live birth. However, G-CSF did not show significant advantages in improving MR. We estimated that such results may be attributed to the single injection of G-CSF, with the decrease in the sustaining effects of G-CSF, some patients with poor endometrial receptivity are unable to maintain pregnancy, leading to the occurrence of miscarriage.

Some studies found that an endometrial thickness of <7 mm and a high reproductive age may negatively impact the pregnancy results (39–42). A meta-analysis to explore the efficiency of G-CSF on infertile women with thin endometrium reported that intrauterine perfusion of G-CSF could significantly improve endometrial thickness and CPR (43). In this review, all of the women included were below 40 years old and had endometrial thicknesses greater than 7mm, so we excluded the influence of endometrium thickness and childbearing age.

Over the last two decades, endometrial injury has been studied to improve implantation rates and decrease the incidence of implantation failure in IVF cycles. A previous meta-analysis has proved that endometrial injury could exert good advantages in improving implantation success, CPR and LBR in patients with at least one failed IVF cycle (44). During the intrauterine infusion G-CSF, the insertion and removal of tubes are needed to finish the treatments. If the controls only took measures of no treatment, it was unable to assess the effect of the mechanical manipulation of the uterine cavity on the pregnancy outcomes. Since some included studies in this meta-analysis were blank controls and some were placebo controls, we conducted a subgroup analysis based on different controls. The results indicated that G-CSF treatment could exert good advantages in improving CPR, IR, and LBR compared with the blank control group. However, compared with placebo controls (saline or empty catheter entry into the uterine cavity), G-CSF showed beneficial effects on CPR and IR, but not on LBR. This suggested that G-CSF therapy had a beneficial influence on CPR and IR, rather than due to mechanical manipulation.

The reasons for this improvement may include induction of local immune regulation of the endometrium, embryo adhesion and implantation, proliferation of trophoblasts and endometrial vascular remodeling by G-CSF. Some studies have reported that the receptor for G-CSF can be found in trophoblastic cells, endometrial glandular cells, follicular cells and oocytes (19–21). Moreover, as an important medium of intercellular communication, G-CSF could recruit dendritic cells, activate Tregs and promote the secretion of Th2 cytokine, which influence the gene expression regulating cellular adhesion pathways, vascular remodeling and immune modulation in the endometrium (45). Recently, Ding JL et al. demonstrated that G-CSF derived from M2 macrophage could promote trophoblasts invasion and migration through activating PI3K/AKT/Erk1/2 pathway, thereby involving in normal pregnancy program (46).

We performed a subgroup analysis by the route of G-CSF administration, and our results showed that both subcutaneous injection and intrauterine infusion of G-CSF improve CPR in women with implantation failure. Consistent with this study, a previous meta-analysis by Hou, et al. reported that the administration of G-CSF via either subcutaneous injection or intrauterine infusion for RIF patients can improve CPR (30). However, it failed to explore the optimal administration dosage of G-CSF. We conducted subgroup analysis by administration dosage of G-CSF, the results suggested that >150μg of G-CSF therapy could exert good advantages in improving CPR, IR, and BPR, but not abortion and LBR. It is interesting that in the ≤150μg subgroup, both MR and LBR were improved, while CPR, IR, and BPR were not significantly different. This is the only study to investigate the relationship between G-CSF dose and pregnancy outcome so far. However, due to the small sample size and indirect evidence, no accurate conclusions can be drawn, and further studies with rigorously designed RCT are needed.

In addition, we noted that the timing of G-CSF administration was inconsistent across the included studies, so we conducted a subgroup analysis according to different intervention timing. The results suggested that G-CSF administration on the day of ET could increase CPR, while not on the day of OPU or HCG injection. This meta-analysis may provide a favorable time point to initiate G-CSF.

On the other hand, when compared to HCG, G-CSF increased the CPR, IR and BPR in patients with implantation failure, but did not achieve a statistical difference. Considerable heterogeneity was observed in the synthesis, which might have been caused by the small number of included studies and small sample size.





Limitations

There are several limitations of this systematic review and meta-analysis. First, in most of the included studies, the cause of implantation failure was not mentioned, so we were not able to perform a sub-group analysis regarding the cause of implantation failure, and still more studies are needed for a definitive conclusion. Second, not all of the included studies gave the research outcomes that we needed, more well-designed clinical studies are needed to investigate the optimal dosage and timing of G-CSF therapy to improve LBRs. Third, most of the studies we included analyzed fresh cycles, while one compared frozen cycles, and another one included both fresh and frozen cycles. However, we could not extract them from the statistics to conduct a subgroup analysis and draw a conclusion as to which embryo transfer protocol benefits more from G-CSF. At the same time, our included studies did not report whether euploid tests were carried out or not. We suggest that the following studies list more detailed data if they include more than one embryo transfer method. Despite this, our study provides a comprehensive review of the current literature guided by a prospectively registered protocol. Overall, the conclusions drawn from this review represent a current collation of evidence.





Conclusions

In conclusion, G-CSF has a beneficial effect on CPR to some extent, and the administration dosage and timing influence the effect size. Our findings from indirect evidence support the use of >150μg G-CSF administration on the day of ET in women who experienced at least one implantation failure. Further, head-to-head RCTs with high quality and larger sample sizes are needed to evaluate the effects of different dosages and timing of G-CSF administration on pregnancy outcomes to provide direct evidence.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

QS: Writing – review & editing, Writing – original draft, Supervision. ZP: Writing – original draft, Writing – review & editing. RY: Writing – original draft. XL: Writing – original draft.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2024.1370114/full#supplementary-material


References
	1. Teklenburg, G, Salker, M, Heijnen, C, Macklon, NS, and Brosens, JJ. The molecular basis of recurrent pregnancy loss: impaired natural embryo selection. Mol Hum Reproduction. (2010) 16:886–95. doi: 10.1093/molehr/gaq079
	2. Salamonsen, LA, Evans, J, Nguyen, HP, and Edgell, TA. The microenvironment of human implantation: determinant of reproductive success. Am J Reprod Immunol (New York NY 1989). (2016) 75:218–25. doi: 10.1111/aji.12450
	3. Calhaz-Jorge, C, De Geyter, C, Kupka, MS, Mouzon, J, Erb, K, Mocanu, E, et al. Assisted reproductive technology in Europe, 2013: results generated from European registers by ESHRE. Hum Reprod (Oxford England). (2017) 32:1957–73. doi: 10.1093/humrep/dex264
	4. Madkour, A, Bouamoud, N, Louanjli, N, Kaarouch, I, Copin, H, Benkhalifa, M, et al. Intrauterine insemination of cultured peripheral blood mononuclear cells prior to embryo transfer improves clinical outcome for patients with repeated implantation failures. Zygote (Cambridge England). (2016) 24:58–69. doi: 10.1017/S0967199414000719
	5. Coughlan, C, Ledger, W, Wang, Q, Liu, F, Demirol, A, Gurgan, T, et al. Recurrent implantation failure: definition and management. Reprod Biomed online. (2014) 28:14–38. doi: 10.1016/j.rbmo.2013.08.011
	6. Fox, C, Morin, S, Jeong, JW, Scott, RT Jr, and Lessey, B. Local and systemic factors and implantation: what is the evidence? Fertil Steril. (2016) 105:873–84. doi: 10.1016/j.fertnstert.2016.02.018
	7. Edwards, RG. Implantation, interception and contraception. Hum Reprod (Oxford England). (1994) 9:985–95. doi: 10.1093/oxfordjournals.humrep.a138673
	8. Simón, C, Moreno, C, Remohí, J, and Pellicer, A. Cytokines and embryo implantation. J Reprod Immunol. (1998) 39:117–31. doi: 10.1016/S0165-0378(98)00017-5
	9. Franasiak, JM, Forman, EJ, Hong, KH, Werner, MD, Upham, KM, Treff, NR, et al. The nature of aneuploidy with increasing age of the female partner: a review of 15,169 consecutive trophectoderm biopsies evaluated with comprehensive chromosomal screening. Fertil Steril. (2014) 101:656–63.e1. doi: 10.1016/j.fertnstert.2013.11.004
	10. Macklon, N. Recurrent implantation failure is a pathology with a specific transcriptomic signature. Fertil Steril. (2017) 108:9–14. doi: 10.1016/j.fertnstert.2017.05.028
	11. Maged, AM, Rashwan, H, AbdelAziz, S, Ramadan, W, Mostafa, WA, Metwally, AA, et al. Randomized controlled trial of the effect of endometrial injury on implantation and clinical pregnancy rates during the first ICSI cycle. Int J Gynaecol Obstetrics. (2018) 140:211–6. doi: 10.1002/ijgo.12355
	12. Glujovsky, D, Farquhar, C, Quinteiro Retamar, AM, Alvarez Sedo, CR, and Blake, D. Cleavage stage versus blastocyst stage embryo transfer in assisted reproductive technology. Cochrane Database Sys Rev. (2016) 6):Cd002118. doi: 10.1002/14651858.CD002118.pub5
	13. Bienert, M, Habib, P, Buck, V, Classen-Linke, I, Skoblo, R, Rösing, B, et al. Intrauterine hCG application increases expression of endothelial cell-cell adhesion molecules in human. Arch Gynecol Obstetrics. (2021) 304:1587–97. doi: 10.1007/s00404-021-06031-9
	14. Tang, CL, Li, QY, Chen, FL, Cai, CT, Dong, YY, Wu, YY, et al. A randomized double blind comparison of atosiban in patients with recurrent implantation failure undergoing IVF treatment. Reprod Biol Endocrinol RB&E. (2022) 20:124. doi: 10.1186/s12958-022-00999-y
	15. Caglar, GS, Asimakopoulos, B, Nikolettos, N, Diedrich, K, and Al-Hasani, S. Preimplantation genetic diagnosis for aneuploidy screening in repeated implantation failure. Reprod Biomed online. (2005) 10:381–8. doi: 10.1016/S1472-6483(10)61800-7
	16. Mekinian, A, Cohen, J, Alijotas-Reig, J, Carbillon, L, Nicaise-Roland, P, Kayem, G, et al. Unexplained recurrent miscarriage and recurrent implantation failure: is there a place for immunomodulation? Am J Reprod Immunol (New York NY 1989). (2016) 76:8–28. doi: 10.1111/aji.12493
	17. Bussolino, F, Wang, JM, Defilippi, P, Turrini, F, Sanavio, F, Edgell, CJ, et al. Granulocyte- and granulocyte-macrophage-colony stimulating factors induce human endothelial cells to migrate and proliferate. Nature. (1989) 337:471–3. doi: 10.1038/337471a0
	18. Zhao, Y, Rong, H, and Chegini, N. Expression and selective cellular localization of granulocyte-macrophage colony-stimulating factor (GM-CSF) and GM-CSF alpha and beta receptor messenger ribonucleic acid and protein in human ovarian tissue. Biol Reproduction. (1995) 53:923–30. doi: 10.1095/biolreprod53.4.923
	19. Salmassi, A, Schmutzler, AG, Huang, L, Hedderich, J, Jonat, W, and Mettler, L. Detection of granulocyte colony-stimulating factor and its receptor in human follicular luteinized granulosa cells. Fertil Steril. (2004) 81 Suppl 1:786–91. doi: 10.1016/j.fertnstert.2003.09.039
	20. Uzumaki, H, Okabe, T, Sasaki, N, Hagiwara, K, Takaku, F, Tobita, M, et al. Identification and characterization of receptors for granulocyte colony-stimulating factor on human placenta and trophoblastic cells. Proc Natl Acad Sci United States America. (1989) 86:9323–6. doi: 10.1073/pnas.86.23.9323
	21. Cai, L, Jeon, Y, Yoon, JD, Hwang, SU, Kim, E, Park, KM, et al. The effects of human recombinant granulocyte-colony stimulating factor treatment during in vitro maturation of porcine oocyte on subsequent embryonic development. Theriogenol. (2015) 84:1075–87. doi: 10.1016/j.theriogenology.2015.06.008
	22. Moldenhauer, LM, Keenihan, SN, Hayball, JD, and Robertson, SA. GM-CSF is an essential regulator of T cell activation competence in uterine dendritic cells during early pregnancy in mice. J Immunol (Baltimore Md 1950). (2010) 185:7085–96. doi: 10.4049/jimmunol.1001374
	23. Scarpellini, F, and Sbracia, M. Use of granulocyte colony-stimulating factor for the treatment of unexplained recurrent miscarriage: a randomised controlled trial. Hum Reprod (Oxford England). (2009) 24:2703–8. doi: 10.1093/humrep/dep240
	24. Gleicher, N, Vidali, A, and Barad, DH. Successful treatment of unresponsive thin endometrium. Fertil Steril. (2011) 95:2123.e13–7. doi: 10.1016/j.fertnstert.2011.01.143
	25. Gleicher, N, Kim, A, Michaeli, T, Lee, HJ, Shohat-Tal, A, Lazzaroni, E, et al. A pilot cohort study of granulocyte colony-stimulating factor in the treatment of unresponsive thin endometrium resistant to standard therapies. Hum Reprod (Oxford England). (2013) 28:172–7. doi: 10.1093/humrep/des370
	26. Würfel, W. Approaches to a better implantation. J Assist Reprod Genet. (2000) 17:473.
	27. Aleyasin, A, Abediasl, Z, Nazari, A, and Sheikh, M. Granulocyte colony-stimulating factor in repeated IVF failure, a randomized trial. Reprod (Cambridge England). (2016) 151:637–42. doi: 10.1530/REP-16-0046
	28. Kalem, Z, Namli Kalem, M, Bakirarar, B, Kent, E, Makrigiannakis, A, and Gurgan, T. Intrauterine G-CSF administration in recurrent implantation failure (RIF): an rct. Sci Rep. (2020) 10:5139. doi: 10.1038/s41598-020-61955-7
	29. Kamath, MS, Chittawar, PB, Kirubakaran, R, and Mascarenhas, M. Use of granulocyte-colony stimulating factor in assisted reproductive technology: A systematic review and meta-analysis. Eur J Obstetrics Gynecol Reprod Biol. (2017) 214:16–24. doi: 10.1016/j.ejogrb.2017.04.022
	30. Hou, Z, Jiang, F, Yang, J, Liu, Y, Zha, H, Yang, X, et al. What is the impact of granulocyte colony-stimulating factor (G-CSF) in subcutaneous injection or intrauterine infusion and during both the fresh and frozen embryo transfer cycles on recurrent implantation failure: a systematic review and meta-analysis? Reprod Biol Endocrinol RB&E. (2021) 19:125. doi: 10.1186/s12958-021-00810-4
	31. Arefi, S, Fazeli, E, Esfahani, M, Borhani, N, Yamini, N, Hosseini, A, et al. Granulocyte-colony stimulating factor may improve pregnancy outcome in patients with history of unexplained recurrent implantation failure: An RCT. Int J Reprod Biomed. (2018) 16:299–304. doi: 10.29252/ijrm.16.5.299
	32. Bakry, MS, Eldesouky, E, Alghazaly, MM, Farag, E, Sultan, EEK, Elazzazy, H, et al. Granulocyte colony stimulating factor versus human chorionic gonadotropin for recurrent implantation failure in intra cytoplasmic sperm injection: a randomized clinical trial. BMC Pregnancy Childbirth. (2022) 22:881. doi: 10.1186/s12884-022-05098-9
	33. Davari-Tanha, F, Shahrokh Tehraninejad, E, Ghazi, M, and Shahraki, Z. The role of G-CSF in recurrent implantation failure: A randomized double blind placebo control trial. Int J Reprod Biomed. (2016) 14:737–42.
	34. Eftekhar, M, Miraj, S, Farid Mojtahedi, M, and Neghab, N. Efficacy of Intrauterine infusion of granulocyte colony stimulating factor on patients with history of implantation failure: A randomized control trial. Int J Reprod Biomed. (2016) 14:687–90. doi: 10.29252/ijrm.14.11.687
	35. Huang, P, Yao, C, Wei, L, and Lin, Z. The intrauterine perfusion of granulocyte-colony stimulating factor (G-CSF) before frozen-thawed embryo transfer in patients with two or more implantation failures. Hum Fertil (Cambridge England). (2020) 31:1–5. doi: 10.1080/14647273.2020.1811904
	36. Karimi, A, Mokhtar, S, Sadeghi, MR, Zafardoust, S, Ataei, M, Ghoodjani, A, et al. May intrauterine granulocyte colony stimulating factor improve clinical & ongoing pregnancy & live birth rates in unexplained repeated implantation failure patients? A Randomized Clinical Trial. Eur J Mol Clin Med. (2020) 7:82–7.
	37. Torky, H, El-Desouky, ES, El-Baz, A, Aly, R, El-Taher, Q, Shata, A, et al. Effect of intra uterine granulocyte colony stimulating factor vs. human chorionic gonadotropin at ovum pick up day on pregnancy rate in IVF/ICSI cases with recurrent implantation failure. JBRA Assisted Reproduction. (2022) 26(2):274–9. doi: 10.5935/1518-0557.20210056
	38. Rezaei, Z, Adabi, K, and Sadjadi, A. A comparison of endometrial thickness and pregnancy outcomes in two methods of intrauterine injection and subcutaneous injection of gcsf in infertile women candidates for ivf. J Obstetrics Gynecol Cancer Res. (2020) 5:39–43. doi: 10.30699/jogcr.5.2.39
	39. Liu, KE, Hartman, M, Hartman, A, Luo, ZC, and Mahutte, N. The impact of a thin endometrial lining on fresh and frozen-thaw IVF outcomes: an analysis of over 40 000 embryo transfers. Hum Reprod (Oxford England). (2018) 33:1883–8. doi: 10.1093/humrep/dey281
	40. von Wolff, M, Fäh, M, Roumet, M, Mitter, V, Stute, P, Griesinger, G, et al. Thin endometrium is also associated with lower clinical pregnancy rate in unstimulated menstrual cycles: A study based on natural cycle IVF. Front Endocrinol. (2018) 9:776. doi: 10.3389/fendo.2018.00776
	41. Correa-de-Araujo, R, and Yoon, SSS. Clinical outcomes in high-risk pregnancies due to advanced maternal age. J Women's Health (2002). (2021) 30:160–7. doi: 10.1089/jwh.2020.8860
	42. Attali, E, and Yogev, Y. The impact of advanced maternal age on pregnancy outcome. Best Pract Res Clin Obstetrics Gynaecol. (2021) 70:2–9. doi: 10.1016/j.bpobgyn.2020.06.006
	43. Xie, Y, Zhang, T, Tian, Z, Zhang, J, Wang, W, Zhang, H, et al. Efficacy of intrauterine perfusion of granulocyte colony-stimulating factor (G-CSF) for Infertile women with thin endometrium: A systematic review and meta-analysis. Am J Reprod Immunol (New York NY 1989). (2017) 78. doi: 10.1111/aji.12701
	44. Sar-Shalom Nahshon, C, Sagi-Dain, L, Wiener-Megnazi, Z, and Dirnfeld, M. The impact of intentional endometrial injury on reproductive outcomes: a systematic review and meta-analysis. Hum Reprod Update. (2019) 25:95–113. doi: 10.1093/humupd/dmy034
	45. Mona, R, Marie, P, Sylvie, D, Bensussan, A, Chaouat, G, and Ledee, N. Granulocyte-colony stimulating factor related pathways tested on an endometrial ex-vivo model. PloS One. (2014) 9(9):e102286. doi: 10.1371/journal.pone.0102286
	46. Ding, JL, Yang, CG, Zhang, Y, Wang, J, Zhang, S, Guo, D, et al. M2 macrophage-derived G-CSF promotes trophoblasts EMT, invasion and migration via activating PI3K/Akt/Erk1/2 pathway to mediate normal pregnancy. Cell Mol Med. (2021) 25:2136–47. doi: 10.1111/jcmm.16191




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Su, Pan, Yin and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




SYSTEMATIC REVIEW

published: 23 May 2024

doi: 10.3389/fendo.2024.1397783

[image: image2]


Validity of stem cell-loaded scaffolds to facilitate endometrial regeneration and restore fertility: a systematic review and meta-analysis


Qiao-yi Huang 1†, Hui-da Zheng 2†, Qi-yang Shi 1* and Jian-hua Xu 2*


1 Department of Gynaecology and Obstetrics, Second Affiliated Hospital of Fujian Medical University, Quanzhou, China, 2 Department of Gastrointestinal Surgery, Second Affiliated Hospital of Fujian Medical University, Quanzhou, China




Edited by: 

Francesca de Michele, Chirec Delta Hospital, Belgium

Reviewed by: 

Rishi Man Chugh, University of Kansas Medical Center, United States

Seema Parte, Stanford University, United States

*Correspondence: 

Jian-hua Xu
 xjh630913@126.com
 
Qi-yang Shi
 wsqy214@163.com













†These authors have contributed equally to this work and share first authorship



Received: 08 March 2024

Accepted: 09 May 2024

Published: 23 May 2024

Citation:
Huang Q-y, Zheng H-d, Shi Q-y and Xu J-h (2024) Validity of stem cell-loaded scaffolds to facilitate endometrial regeneration and restore fertility: a systematic review and meta-analysis. Front. Endocrinol. 15:1397783. doi: 10.3389/fendo.2024.1397783






Objective

Various stem cell-loaded scaffolds have demonstrated promising endometrial regeneration and fertility restoration. This study aimed to evaluate the efficacy of stem cell-loaded scaffolds in treating uterine injury in animal models.





Methods

The PubMed, Embase, Scopus, and Web of Science databases were systematically searched. Data were extracted and analyzed using Review Manager version 5.4. Improvements in endometrial thickness, endometrial glands, fibrotic area, and number of gestational sacs/implanted embryos were compared after transplantation in the stem cell-loaded scaffolds and scaffold-only group. The standardized mean difference (SMD) and confidence interval (CI) were calculated using forest plots.





Results

Thirteen studies qualified for meta-analysis. Overall, compared to the scaffold groups, stem cell-loaded scaffolds significantly increased endometrial thickness (SMD = 1.99, 95% CI: 1.54 to 2.44, P < 0.00001; I² = 16%) and the number of endometrial glands (SMD = 1.93, 95% CI: 1.45 to 2.41, P < 0.00001; I² = 0). Moreover, stem cell-loaded scaffolds present a prominent effect on improving fibrosis area (SMD = −2.50, 95% CI: –3.07 to –1.93, P < 0.00001; I² = 36%) and fertility (SMD = 3.34, 95% CI: 1.58 to 5.09, P = 0.0002; I² = 83%). Significant heterogeneity among studies was observed, and further subgroup and sensitivity analyses identified the source of heterogeneity. Moreover, stem cell-loaded scaffolds exhibited lower inflammation levels and higher angiogenesis, and cell proliferation after transplantation.





Conclusion

The evidence indicates that stem cell-loaded scaffolds were more effective in promoting endometrial repair and restoring fertility than the scaffold-only groups. The limitations of the small sample sizes should be considered when interpreting the results. Thus, larger animal studies and clinical trials are needed for further investigation.





Systematic review registration

https://www.crd.york.ac.uk/PROSPERO, identifier CRD42024493132.
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1 Introduction

Intrauterine adhesion (IUA), characterized by endometrial fibrosis, is the primary cause of refractory uterine infertility. The risk factors of IUA are repeated intrauterine manipulations, inflammation, ischemia, and infections. These factors may trigger an aberrant cellular response and insensitivity to estrogen and progesterone, disrupting endometrial homeostasis (1). Patients with IUA mainly present with menstrual abnormalities, recurrent spontaneous abortions, and placental abnormalities (2). Surgical removal of adhesive tissue is a clinically recommended method for IUA. Although this procedure greatly improves menstruation and increases pregnancy rates, the disease recurrence rate can reach 62% (3). Another routine strategy is introducing a physical barrier into the uterine cavity after adhesiolysis. However, solid barriers, such as intrauterine devices and catheters, frequently cause irregular vaginal bleeding and local inflammation. Hydrogels and other semi-solid barriers have limited healing benefits. Furthermore, drugs that improve blood flow, such as metformin, have lower efficacy. Therefore, an unmet need exists to develop effective treatments for IUA.

Mesenchymal stem cells (MSCs) are multi-potent cells with a self-renewal and multi-lineage differentiation potentials. They exist widely in various tissues, such as adipose tissue, menstrual fluid, placenta, umbilical cord, amniotic fluid, and bone marrow (4). MSCs have many advantages, including low immunogenicity, homing to the site of injury, anti-inflammatory activity, and paracrine profiles (5, 6). Numerous animal experiments have demonstrated that MSCs have a great therapeutic effect in attenuating endometrial fibrosis, increasing the number of endometrial glands, and promoting vascular regeneration (7–9). Furthermore, MSC transplantation for IUA has entered phase I clinical trials. The results indicate that MSCs can repair a damaged uterus and increase ongoing pregnancy rates without serious adverse events (10, 11). However, additional research has observed that only a few MSCs engrafted into the endometrium two or three weeks after intrauterine injections (12). Multiple factors co-regulate the ability of stem cells to participate in endometrial repair, including post-implantation cell survival and the presence of proper stimuli in the surrounding microenvironment. Engineering-controlled and predictable cell transport strategies to guide stem cell responses are crucial.

Many researchers have focused on biomaterials in search of methods to achieve long-term retention of stem cells in vivo and the sustained release of their derivatives. Biomaterials have been used to load MSCs, drugs, and growth factors or to construct in situ delivery systems due to their biocompatibility, hydrophilicity, stability, and degradability. Scaffolds provide a support network for carriers, preserving their structural integrity and activity. Moreover, cells and drugs are released as the scaffold degrades, triggering tissue reactions including vascularization, differentiation, and cellular infiltration (13). Another critical aspect is that scaffolds can be engineered into porous scaffolds and grafts that mimic natural endometrial tissue and microenvironment. This microenvironment can simulate natural cell-cell, cellular extracellular matrix, and cell-soluble factor interactions (14). Current studies have demonstrated that various bio-scaffolds, such as hydrogels, collagen, and poly (glycerol sebacate), combined with MSCs can effectively repair the morphology and function of the endometrium (9, 15, 16). In addition, 3D-printed biomaterials have been widely used to mimic histological architecture and functions of endometrial tissue. On the one hand, 3D-printed scaffolds could construct a cell-laden scaffolds with ideal spatial distribution to form the ultrastructure of tissues (17). On the other hand, cells recruited into 3D scaffolds can form their own extracellular matrix (ECM) and achieve further refined tissue remodeling by secreting matrix proteins (18). After endometrial injury, lack of local ECM structure makes it difficult for tissue remodeling to repair the original tissue structure, and the structure and function of the endometrium may not be effectively restored. In this case, 3D-printed biomaterials can produce a more precise and biomimetic physiological environment, resulting in better curative effect.

In the current study, few systematic reviews and meta-analyses evaluate the efficacy and safety of stem cell-loaded scaffolds for treating IUA. Our primary aim was to investigate the reported trials of stem cells pre-seeded with different scaffolds used in animal models of IUA using a meta-analysis approach, focusing on their efficacy in treating endometrial regeneration, including changes in endometrial thickness, number of endometrial glands, fibrosis area, and number of gestational sacs/implanted embryos. Furthermore, we aimed to explore potential stem cell-loaded scaffolds therapy mechanisms, such as anti-inflammatory effects, angiogenesis, and cell proliferation.




2 Methods

This systematic review and meta-analysis were conducted per the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 2020 statement (PRISMA 2020, Additional File 1) (19), and registered on the International Prospective Register of Systematic Reviews (PROSPERO, CRD42024493132) website. No ethical approval was required because the meta-analysis was based on published articles.



2.1 Search strategy

A systematic literature search was using the PubMed, Embase, Web of Science, and Scopus databases from inception to October 17, 2023. Articles containing the following Medical Subject Headings (MeSH) or free text, separately and in combination, were included: gynatresia (Mesh), biocompatible materials (Mesh), stem cells (Mesh), Asherman syndrome (free text), intrauterine adhesion (free text), and scaffolds (free text). A detailed search strategy is provided in Additional File 2. According to this search strategy, all retrieved articles were evaluated against the exclusion criteria.




2.2 Eligibility criteria

All the studies that directly compare the efficacy of stem cell-loaded scaffolds group versus scaffold group in treating endometrial injury were accessed. Two reviewers (QY H and HD Z) independently screened the titles and abstracts of articles identified by the electronic searches and excluded duplicate and irrelevant studies. Reviews, meta-analysis, editorials, letters, and meeting abstract were not eligible. Once two reviewers identified potentially included studies, they obtained and screened full text articles. Only studies on animal models were included. Subsequently, two reviewers examined the intervention descriptions to determine intervention types were eligible for analysis. Studies without a control group were not eligible, nor were those performing combined therapies.

Lack of data under the outcomes of interest warranted the exclusion from the present analysis (Table 1). When agreement was elusive, two reviewers resolved discrepancies through consensus. If this was not possible, a third reviewer (JH X) consulted for final judgment regarding any disagreements.

Table 1 | Inclusion and exclusion criteria.


[image: Table listing eligibility criteria for a study. Inclusion criteria: original animal studies on endometrial injury, use of stem cell-loaded scaffolds, and outcomes on endometrial metrics. Exclusion criteria: duplicate studies, non-original articles, irrelevant content, lack of control group, in vitro/in silico studies, and inaccessible full texts.]



2.3 Data abstraction

Qualitative data were extracted by two independent reviewers (QY H and HD Z) from the full texts of the included studies. Similar to study selection, any discrepancies were discussed and submitted to a third reviewer (JH X) for confirmation. The following information was extracted from each qualified study: first author, publication year, animal species, number of samples, modeling methods of endometrial injury, stem cell origin, stem cell number/volume, intervention and control groups, scaffold types, treatment duration, endometrial thickness, number of endometrial glands, endometrial fibrosis area, number of gestational sacs/implanted embryos, interleukin-1β (IL-1β), interleukin-6 (IL-6), vascular endothelial growth factor (VEGF), CD31, Ki-67, and insulin-like growth factor-1 (IGF-1) levels.

The following characteristics were analyzed. For endometrial regeneration, the endometrial thickness, number of endometrial glands, and the area of uterine fibrosis were analyzed. Endometrial thickness and number of glands were examined by hematoxylin and eosin staining, and endometrial fibrosis was assessed by Masson staining. After staining, endometrial thickness and morphology were examined under a light microscope. Gland numbers were counted to determine their abundance in uterine. Collagen fibers appeared blue under the microscope. The percentage of the fibrotic area was calculated as the area of fibrosis or collagen fibers relative to the total endometrial area of view. For fertility, the number of gestational sacs or implanted embryos in each uterine horn were counted and analyzed. Regarding the inflammatory expression, IL-1β and IL-6 levels were analyzed. The VEGF and CD31 levels reflect the extent of angiogenesis. Cell proliferation was represented by the Ki-67 and IGF-1 levels. If an article used more than one experiment to quantify cytokine expression levels, polymerase chain reaction and immunohistochemistry staining were prioritized, followed by enzyme-linked immunosorbent assay and immunofluorescence staining. All original data described in the included studies were prioritized for extraction. If only figures were presented, two reviewers independently used PlotDigitizer Online APP (https://plotdigitizer.com/app) to extract data and compute the means.




2.4 Quality assessment

The quality of each included study was evaluated by two independent authors according to the Collaborative Approach to Meta-Analysis and Review of Animal Data from Experimental Studies (CAMARADES) checklist with minor modifications (20). Each “yes” of the following criteria was given for score 1, while “no” or “unclear response” carried no weight (score 0). The 10-item checklist included: (1) peer-reviewed publication, (2) statement of control of temperature, (3) random allocation to treatment or control, (4) blind established model, (5) blinded assessment of outcome, (6) use of anesthetic in an animal model where necessary throughout the study, (7) appropriate animal model, (8) sample size calculation, (9) compliance with animal welfare regulations, and (10) statement of potential conflict of interests. Based on a total score of 10, studies with a score of 0–3 were recognized as high risk, 4–6 as medium risk, and 7–10 as low risk. Similarly, any discrepancies were discussed, and a consensus between the authors.




2.5 Bias risk assessment

The Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) tool was used to assess the risk of bias in each study (21). The following bias were considered in this evaluation tools: selection bias (random sequence generation, baseline characteristics, allocation concealment), detection bias (random outcome assessment, blinding), performance (random housing, blinding), attrition bias (incomplete outcome data), reporting bias (selective outcome reporting), and other bias from other sources. Two reviewers independently conducted the work. Again, two reviewers resolved divergence of opinion through consensus.




2.6 Statistical analysis

Review Manager 5.4 was used to analyze and manage data. All results (endometrial thickness; number of endometrial glands; endometrial fibrosis area; number of gestational sacs/implanted embryos; and IL-1β, IL-6, VEGF, CD31, Ki-67, and IGF-1 levels) were continuous variables. The standardized mean difference (SMD) and related 95% confidence interval (CI) were calculated to compare the effect between the stem cell-loaded scaffolds and scaffold-only groups. Forest plots were constructed to show the SMD and 95% CI for each study and the pooled mean difference by combining the eligible studies. All statistical tests were two-sided, and statistical significance was considered at a P-value <  0.05. The I2 statistic was applied to assess heterogeneity among studies. I2 values of < 50%, 50–70%, and > 70% were defined as low, moderate, and high inconsistencies, respectively. When I2 < 50%, a fixed-effects model was used. If heterogeneity was present (I2 > 50%), a random-effects model was adopted. Subgroup analysis and sensitivity analyses were performed to identify the sources of heterogeneity. Additionally, a funnel plot was generated to visually examine publication bias.





3 Results



3.1 Study selection

We identified 287 articles by the literature search, including 28 from PubMed, 22 from Embase, 146 from Web of Science, 89 from the Scopus databases, and two from other sources. All retrieved articles were imported into EndNote X9 (Clarivate Analytics, Philadelphia, PA, USA) to identify 120 duplicates found. After screening of titles and abstracts, 64 non-original articles and 57 unrelated studies were removed. Following full-text assessment, 32 studies were excluded mostly because “intervention did not include both stem cell-loaded scaffolds group and scaffold-only group” (n = 15), “non endometrial injury model” (n = 6), “data unavailable” (n = 6), and “human or cellular experiments” (n = 5). Finally, 13 studies were included in the meta-analysis. Figure 1 illustrates the PRISMA flowchart.

[image: Flowchart detailing the study selection process. It starts with 285 records identified through database searching, plus 2 additional records. After removing 120 duplicates, 167 records remain. Through further exclusion criteria, including non-original articles and irrelevant content, 121 records are excluded. Forty-six full-text articles are assessed for eligibility, resulting in 13 articles after excluding studies based on specific criteria like lack of control group or unavailable data. The process involves identification, screening, eligibility, and inclusion phases.]
Figure 1 | PRISMA flowchart for systematic review and study selection.




3.2 Included study characteristics

Table 2 presents the primary characteristics of the studies included in the meta-analysis. Thirteen included studies used three different animal species. The most commonly used species were SpragueDawley (SD) rats (10 articles), followed by mice (two articles), and rhesus monkeys (one article). One study focused on ICR mice, while the other focused on C57BL/6 mice. All studies explained the methods for establishing models of endometrial injury in detail: seven studies used mechanical injury, two studies used endometrium removal, two used ethanol injection, one used the mechanical injury and 95% ethanol injection, and one used mechanical injury and lipopolysaccharide infection. After successful modeling, MSCs and scaffolds were performed for treatment. Most MSCs were derived from heterologous MSCs (nine articles), followed by allogeneic MSCs (three articles) and autologous MSCs (one articles). Different types of MSCs were adopted, including human umbilical cord MSCs (three articles), rat bone marrow MSCs (three articles), human menstrual blood MSCs (two articles), and human-induced MSCs, human amniotic MSCs, human placenta-derived MSCs, human endometrium-derived MSCs, and autologous adipose-derived MSCs, one article each. Regarding the scaffold materials, one study used an elastic poly (glycerol sebacate) (PGS) scaffold, and two used a collagen scaffold, and gel scaffolds were used in the remaining ten studies. MSCs and scaffolds have been transplanted via intrauterine injection in most studies. In addition, the outcome assessment time points for treatment varied significantly, varying from one to three months. Endometrial thickness was reported in 12 studies, number of endometrial glands were reported in 11 studies, the area of endometrial fibrosis was reported in nine studies, and the number of gestational sacs/implanted embryos was reported in seven studies.

Table 2 | Characteristics of the included studies.


[image: A detailed table summarizes various studies on stem cell treatments using animal models. It includes columns for study reference, year, animal species, experimental and control groups, modeling type, stem cell types and numbers, scaffolds used, and treatment duration. Each row provides specific information for individual studies, covering a range of modeling scenarios like mechanical damage and ethanol injection. Stem cell types vary, including BMSCs, hUCMSCs, and ADSCs, with scaffold types such as hydrogels and collagen. Treatment durations range from 7 days to 3 months.]
The immune system plays an important role in tissue regeneration and determines the speed and outcome of the healing process. It has been suggested that human MSCs have immunomodulatory functions, which can induce a more anti-inflammatory or tolerant phenotype in subpopulations of immune cells by altering their cytokine secretion profile (32). However, the implanted biological scaffolds may intrinsically affect the immune system. Based on these considerations, five studies in this meta-analysis reported the expression of the inflammatory factors IL-1β (three articles) and IL-6 (two articles). Furthermore, angiogenesis, cell proliferation, and differentiation play critical roles in re-epithelializing damaged endometrium. It has been reported that MSCs can promote angiogenesis and maintain cell function by secreting numerous paracrine factors. In this meta-analysis, six studies observed VEGF expression, four observed CD31expression, four observed Ki-67 expression, and two observed IGF-1 expression (Figure 2).

[image: Bar chart illustrating the number of studies on various biological factors. Categories include immune inflammation (IL-1β, IL-6), angiogenesis (VEGF, CD31), and cell proliferation (Ki-67, IGF-1). Red bars indicate reported data, blue bars indicate not reported. IL-1β: 3 reported, 10 not reported; IL-6: 2 reported, 11 not reported; VEGF: 6 reported, 7 not reported; CD31: 4 reported, 9 not reported; Ki-67: 4 reported, 9 not reported; IGF-1: 2 reported, 11 not reported.]
Figure 2 | Cytokine and biomarker expression in the included studies. IL-1β, interleukin-1β; IL-6, interleukin-6; VEGF, vascular endothelial growth factor; IGF-1, insulin-like growth factor-1.




3.3 Methodological quality of included studies

The CAMARADES tool was used to assess the overall quality of the included studies in 10 aspects. All studies were published in peer-reviewed journals, used appropriate animal models, anesthetized where necessary throughout the study, stated compliance with animal welfare regulations, and declared no potential conflicts of interest. Ten studies (76.92%) described temperature control, while nine (69.23%) randomly allocated animals to treatment or control. However, none of the studies reported sample size calculations, blinded established models, or blinded assessment of the outcomes. The quality scores of 13 studies ranged from 5 to 7 (average 6.46 points). Table 3 lists the details of the study quality assessment. In summary, 53.85% of the studies were scored as low risk, and 46.15% were at medium risk.

Table 3 | Quality assessment of included studies based on CAMARADES checklist.


[image: Table comparing studies based on ten criteria with scores for each study. Criteria include peer-reviewed publication, temperature control, random allocation, blind model, outcome assessment, anesthetic use, animal model appropriateness, sample size, welfare compliance, and conflict of interest statement. Scores range from 5 to 7, indicating risk levels from medium to low.]



3.4 Risk of bias of included studies

The assessment results of bias risk and methodological suitability of the included studies were presented in Figure 3. Nine of the 13 studies divided animals into stem cell-loaded scaffold group and scaffold groups according to random assignment and were therefore judged to have a low risk of selection bias. However, none of the articles mentioned that the studies were conducted by assigning, concealing, blinding investigators, and blinding of the outcome assessment (unclear risk of bias). All studies were free from missing data, selective reporting bias, or other biases (low risk of bias). The methodological quality of the included studies was reliable and acceptable.

[image: Panel A shows a bar chart assessing risk of bias across several categories including selection, performance, detection, attrition, and reporting bias. Most categories show low to unclear risk. Panel B displays a risk of bias summary table for individual studies from 2019 to 2023. Each study is evaluated across several bias categories, indicated by green circles for low risk, yellow circles for unclear risk, and red for high risk.]
Figure 3 | Risk of bias assessed with SYRCLE’s tool. (A) Graph showing bias risk. (B) Summary of bias risk.




3.5 Efficacy of stem cell-loaded scaffolds for endometrial injury



3.5.1 Meta 1: Efficacy of stem cell-loaded scaffolds in endometrial thickness

Twelve of 13 included studies reported changes in endometrial thickness after treatment. The stem cell-loaded scaffold and scaffold-only groups had 77 and 76 animals, respectively. I2 test (χ2 = 15.49, df = 13, P = 0.28; I2 = 16% < 50%) indicated low heterogeneity. Therefore, a fixed-effects model was applied in the analysis. Pooled analysis indicated that the stem cell-loaded scaffold groups was superior to scaffold-only groups in increasing endometrial thickness, with a statistically significant difference (SMD = 1.99, 95% CI: 1.54 to 2.44, z = 8.74, P < 0.00001; Figure 4A). A funnel plot demonstrated no publication bias existed (Figure 4B).

[image: Panel A features a forest plot displaying the standardized mean differences of various studies. The plot shows confidence intervals and weights for each study, with an overall effect size favoring the experimental group. Panel B presents a funnel plot for assessing publication bias; it plots the standard error against the standardized mean difference. Circles represent individual studies, most clustered symmetrically around the vertical line, with a few outliers.]
Figure 4 | Efficacy of stem cell-loaded scaffold group versus scaffold-only group for endometrial thickness. (A) Forest plot displays the mean effect size and 95% confidence interval (CI) for endometrial thickness. (B) Funnel plot evaluation of publication bias.




3.5.2 Meta 2: Efficacy of stem cell-loaded scaffolds in the number of endometrial glands

Eleven of 13 included studies reported changes in several endometrial glands after treatment. The stem cell-loaded scaffold and scaffold-only groups had 64 animals each. The I2 test (χ2 = 9.59, df = 11, P = 0.57; I2 = 0%) indicated no heterogeneity. Therefore, a fixed effects model was applied. Pooled analysis indicated that the stem cell-loaded scaffold groups was superior to the scaffold-only groups in increasing the number of endometrial glands, with a statistically significant difference (SMD = 1.93, 95% CI: 1.45 to 2.41, z = 7.92, P < 0.00001; Figure 5A). A funnel plot revealed no publication bias (Figure 5B).

[image: The image consists of two parts: A) A forest plot showing the standardized mean differences of multiple studies comparing experimental and control groups. Each study is represented by a green square with confidence intervals, and a diamond at the bottom indicates the overall effect size, 1.93, favoring the experimental group. B) A funnel plot illustrating the distribution of standard errors versus standardized mean differences. Circles represent individual studies, with a symmetrical pattern indicating reduced publication bias.]
Figure 5 | Efficacy of stem cell-loaded scaffold group versus scaffold-only group for the number of endometrial glands. (A) Forest plot depicts the mean effect size and 95% confidence interval (CI) for endometrial glands. (B) Funnel plot evaluation of publication bias.




3.5.3 Meta 3: Efficacy of stem cell-loaded scaffolds in fibrotic areas of endometrium

Nine of 13 included studies reported changes in fibrotic areas of the endometrium after treatment. The stem cell-loaded scaffold and scaffold-only groups had 58 animals each. Pooled analysis indicated that the stem cell-loaded scaffold groups had significantly lower fibrotic areas of endometrium than the scaffold-only groups, with a statistically significant difference (SMD = – 2.50, 95% CI: –3.07 to  –1.93, z = 8.60, P < 0.00001; Figure 6A). However, the funnel plot revealed that one study in the critical region of the 95% CI (Figure 6B). A sensitivity analysis omitting one study at a time indicated potential heterogeneity (χ2 = 14.15, df = 9, P = 0.12; I2 = 36%) from Wang et al. (31) (Figure 7B). Considering that Wang et al. used rhesus monkeys as study subjects, we conducted a subgroup analysis based on animal species. Subgroup analysis demonstrated that stem cells-loaded scaffold groups of mice (SMD = – 4.47, 95% CI: – 6.34 to – 2.59; Z = 4.67, P < 0.00001, Figure 7A) and SD rats (SMD = – 2.52, 95% CI: –3.16 to –1.88; Z = 7.74, P < 0.00001, Figure 7A) had lower fibrotic areas of endometrium than the scaffold groups, with no heterogeneity within the subgroup (mice subgroup: χ2 = 0.68, df = 1, P = 0.41; I2 = 0; SD rats subgroup: χ2 = 5.02, df = 6, P = 0.54; I2 = 0).

[image: A meta-analysis is shown with two parts:   (A) A forest plot displays the standardized mean differences (SMD) between experimental and control groups for several studies. Data include means, standard deviations, and confidence intervals for each study, with an overall effect size favoring the experimental group.  (B) A funnel plot illustrates potential publication bias, displaying the standard error against SMD for the studies. Points are scattered around a vertical line, suggesting symmetry.]
Figure 6 | Efficacy of the stem cell-loaded scaffold group versus the scaffold-only group for the fibrotic areas. (A) Forest plot illustrates the mean effect size and 95% confidence interval (CI) for the fibrotic area of the endometrium. (B) Funnel plot evaluation of publication bias.

[image: Panel A shows a forest plot of standardized mean differences comparing experimental and control groups across various studies involving mice, SD rats, and rhesus monkeys, with overall effects and confidence intervals. Panel B presents a funnel plot of standard error against standardized mean difference, showing study distribution for mice, SD rats, and rhesus monkeys, indicating potential publication bias.]
Figure 7 | Subgroup analysis of endometrial fibrosis area improvement by animal species [(A), forest plot; (B), funnel plot].




3.5.4 Meta 4: Efficacy of stem cell-loaded scaffolds in the number of gestational sacs/implanted embryos

Seven of 13 included studies reported changes in the number of gestational sacs/implanted embryos after treatment. The stem cell-loaded scaffold and scaffold-only groups each had 54 animals. The I2 test (χ2 = 29.57, df = 5, P < 0.0001; I2 = 83% > 50%) indicated high heterogeneity; therefore, a random effects model was used. The number of gestational sacs/implanted embryos increased markedly in the stem cell-loaded scaffold groups (SMD = 3.34, 95% CI: 1.58 to 5.09, z = 3.73, P = 0.0002; Figure 8A). Because the I2 value was high, we performed subgroup analysis by animal species, treatment time, and scaffold type. Subgroup analysis by animal species indicated that SD rats (SMD = 3.65, 95% CI: 1.34 to 5.96, z = 3.10, P = 0.002; Figure 8B) had a higher effect size than mice (SMD = 2.58, 95% CI: 1.16 to 4.00, z = 3.56, P = 0.0002; Figure 8B), without statistically significant difference (P = 0.44, Figure 8B). Additionally, neither the treatment time nor the scaffold type had a distinction in the estimation of the effect size (P = 0.13, Figure 8C; P = 0.61, Figure 8D). These subgroup analyses did not reduce the heterogeneity. Sensitivity analysis revealed that heterogeneity was attributable to the studies of Xu et al. (24), Huang et al. (26), and Lin et al. (27). Excluding these studies reduced heterogeneity to a low level (χ2 = 3.01, df = 2, P = 0.22, I2 = 34% <  50%; SMD = 4.20, 95% CI: 3.09 to 5.31, z = 7.41, P < 0.00001; Figure 9A). A funnel plot indicated no publication bias (Figure 9B).

[image: Four sections of forest plots displaying meta-analysis data. Each segment details subgroups of experimental vs. control groups with variables like mean, standard deviation, and sample size. Plots illustrate standard mean difference with confidence intervals, demonstrating effect sizes and heterogeneity details. The data is organized into specific studies or subgroups highlighted with lines and confidence intervals indicating the extent to which experimental conditions favor control or vice versa. Total combined results are shown with combined statistics and heterogeneity measures.]
Figure 8 | Efficacy of stem cell-loaded scaffold group versus scaffold-only group for the number of gestational sacs/implanted embryos. (A) Forest plot indicates the mean effect size and 95% confidence interval (CI) for number of gestational sacs/implanted embryos. (B–D). Subgroup analysis of the number of gestational sacs/implanted embryos according to animal species, treatment time, and scaffold type, respectively.

[image: Panel A shows a forest plot comparing experimental and control groups across multiple studies, indicating the standardized mean difference (SMD) with confidence intervals. The overall effect suggests a significant favor towards the experimental group. Panel B is a funnel plot displaying SMD against its standard error, with points symmetrically distributed, suggesting little publication bias.]
Figure 9 | Sensitivity analysis of the number of gestational sacs/implanted embryos. (A) Forest plot presents the mean effect size and 95% confidence interval (CI) for number of gestational sacs/implanted embryos. (B) Funnel plot evaluation of publication bias.




3.5.5 Meta 5: Efficacy of stem cell-loaded scaffolds in immune inflammation

Of 13 included studies, three reported pre- and post-treatment levels of IL-1β, and two reported pre- and post-treatment levels of IL-6. The pooled analysis indicated that IL-1β (SMD = – 2.76, 95% CI: – 3.64 to – 1.88, z = 6.13, P < 0.00001; Figure 10A) and IL-6 (SMD = – 3.63, 95% CI: – 4.91 to – 2.36, z = 5.59, P < 0.00001; Figure 10B) were significantly decreased after the treatment with stem cell-loaded scaffolds and heterogeneity was lacking (IL-1β: χ2 = 2.60, df = 2, P = 0.27, I2 = 23%  <  50%, Figure 10A; IL-6: χ2 = 0.53, df = 1, P = 0.47, I2 = 0, Figure 10B). The funnel plot presented no publication bias (Figures 10C, D).

[image: Two meta-analysis results in panels A and B, with forest plots comparing experimental and control groups for IL-1β and IL-6. Both show significant standardized mean differences favoring experimental. Funnel plots in panels C and D, for IL-1β and IL-6, assessing publication bias.]
Figure 10 | Efficacy of stem cell-loaded scaffolds in immune inflammation. (A, B). Forest plot showing the mean effect size and 95% confidence interval (CI) for interleukin-1β (IL-1β) and interleukin-6 (IL-6), respectively. (C, D) Funnel plot evaluation of publication bias for IL-1β and IL-6, respectively.




3.5.6 Meta 6: Efficacy of stem cell-loaded scaffolds in angiogenesis

Nine of the 13 included studies mentioned angiogenic factors. Among them, five studies reported VEGF levels before and after the treatment. Three studies reported the pre- and post-treatment CD31levels. One study reported changes in VEGF and CD 31 levels. The pooled analysis indicated that stem cell-loaded scaffolds had better angiogenic effects on endometrial injury compared to the treatment with simple scaffolds, as VEGF (SMD = 2.06, 95% CI: 1.47 to 2.65, z = 6.88, P < 0.00001; Figure 11A) and CD31 (SMD = 2.40, 95% CI: 1.51 to 3.30, z = 5.28, P < 0.00001; Figure 11B) expression was upregulated more in the stem cell-loaded scaffold groups. The funnel plot demonstrated no publication bias (Figures 11C, D).

[image: Forest plots and funnel plots illustrate the analysis of VEGF and CD31 expression. Panel A shows a forest plot comparing experimental and control groups for VEGF, with a significant overall effect. Panel B displays a similar forest plot for CD31. Panels C and D are funnel plots for VEGF and CD31, respectively, assessing publication bias. Both analyses favor experimental treatments.]
Figure 11 | Efficacy of stem cell-loaded scaffolds in angiogenesis. (A, B) Forest plot illustrating the mean effect size and 95% confidence interval (CI) for vascular endothelial growth factor (VEGF) and CD31, respectively. (C, D). Funnel plot evaluation of the publication bias for VEGF and CD31, respectively.




3.5.7 Meta 7: Efficacy of stem cell-loaded scaffolds in cell proliferation

Four of 13 included studies reported significantly increased Ki-67 levels in the stem cell-loaded scaffold groups compared to the scaffold-only groups (SMD = 2.31, 95% CI: 1.63 to 2.99, z = 6.62, P < 0.00001; Figure 12A), with no heterogeneity (χ2 = 2.87, df = 4, P = 0.58, I2 = 0, Figure 12A). Concerning IGF-1 levels, two studies reported that the stem cell-loaded scaffold groups exhibited a higher effect size than the simple scaffold groups (SMD = 2.72, 95% CI: 1.10 to 4.34, z = 3.29, P = 0.0010; Figure 12B). The funnel plot depicted no publication bias (Figures 12C, D).

[image: Meta-analysis of Ki-67 and IGF-1 data. Tables A and B display study results with forest plots showing standardized mean differences. Panel C shows a funnel plot for Ki-67 with five data points. Panel D shows a funnel plot for IGF-1 with four data points.]
Figure 12 | Efficacy of stem cell-loaded scaffolds for cell proliferation. (A, B) Forest plot depicting the mean effect size and 95% confidence interval (CI) for Ki-67, and insulin-like growth factor-1(IGF-1), respectively. (C, D) Funnel plot evaluation of the publication bias for Ki-67 and IGF-1, respectively.






4 Discussion



4.1 Synthesized evidence of stem cell-loaded scaffold therapy in endometrial injury

This meta-analysis synthesized data from 13 studies involving stem cell-loaded scaffolds to treat animal models of endometrial injury. The pooled analysis results were as follows: (1) stem cellloaded scaffold transplantation could promote endometrial regeneration, mainly manifested as thickening of the endometrium and increasing the number of glands; (2) stem cell-loaded scaffold therapy could reduce endometrial fibrosis area, and subgroup analysis revealed a difference in the effect size of animal species in endometrial fibrosis; (3) stem cells-loaded scaffold therapy was generally effective in increasing the number of gestational sacs/implanted embryos, although there was high heterogeneity among studies; (4) stem cell-loaded scaffold therapy exhibited anti-inflammatory, angiogenic, and anti-apoptotic properties in animal models of endometrial injury, contributing to construct the microenvironment. However, the small sample size reduced the robustness of the data.

IUA is usually treated with laparoscopic surgery and adjunctive medication. However, many patients still relapse after treatment. Accordingly, there is an urgent need for more effective and safe treatments to repair the damaged endometrium and improve its function. We explored whether stem cell-loaded scaffold therapy is superior for treating endometrial injury in animals. Endometrial thinning, gland loss, and fibrosis are the main pathological features of IUA (33, 34); thus, we chose endometrial thickness, number of endometrial glands, and fibrosis area of the endometrium as outcome indicators. The ultimate goal of IUA treatment is to restore fertility; therefore, gestational sacs/embryo implantation capacity was adopted to assess endometrial function.

The results of Meta 1, 2, and 3 demonstrate that stem cell-loaded scaffold therapy for endometrial injury effectively increased endometrial thickness and glandular quantity, reduced fibrotic area, and was superior to scaffold-only therapy. One important point to emphasize is that animal species influenced effect size regarding the endometrial fibrosis area. Stem cell-loaded scaffold transplantation had a stronger therapeutic effect in ameliorating endometrial fibrosis in rodents but more so in mouse animal models, whereas this effect was not significant in rhesus monkeys. Different results may be obtained because rhesus monkeys have a menstrual cycle similar to humans, and their physiological functions differ from animal models. Furthermore, the results of Meta 4 indicated a significant increase in the number of gestational sacs/implanted embryos after stem cellloaded scaffold transplantation, with statistically significant heterogeneity. Subsequently, we conducted a subgroup analysis of animal species, treatment time, and scaffold type, but none showed reduced heterogeneity. We found that choosing SD rats as animal models, treating them for one or two months, and using hydrogel scaffolds appeared more effective, although there was no statistical difference. Nevertheless, the number of studies in each subgroup was small, and further investigations are needed to validate these results. We also performed subgroup analyses based on stem cell type, cell species origin, therapeutic dose, and modeling methods; however, the number of studies included in fertility assessment was small, requiring larger, well-designed preclinical studies to explore these issues in-depth.




4.2 The underlying mechanism of stem cell-loaded scaffold therapy in endometrial injury

Although the positive role of stem cell-loaded scaffold therapy in endometrial injury has been widely accepted, their therapeutic potential is gradually being explored in endometrial reconstruction. After IUA, changes in the intrauterine environment include inflammation, hypoxia, and dysfunction of neovascularization (35). Inflammation is critical for triggering local tissue fibrosis and loss of normal functions (36). Multiple inflammatory factors, such as IL-1β, IL-6, and TNF-α, increase after endometrial damage (37). Anti-infection and inflammation control are important environmental safeguards to optimize endometrial regeneration. MSC-based therapy has been reported to suppress inflammatory responses during endometrial repair, and its therapeutic mechanism may generate a favorable immune microenvironment via immunomodulatory properties (38, 39). Our analysis compared inflammatory factors (IL-1β and IL-6) expression in the stem cell-loaded scaffold and scaffold-only groups. IL-1β and IL-6 expression levels were significantly lower in the stem cell-loaded scaffold groups than in the scaffold-only groups, suggesting that MSCs combined with scaffold treatment were more effective in inhibiting inflammation.

Revascularization is a key factor in the successful repair of the endometrium. The endometrial vasculature of IUA exhibits high impedance and hypoxia (40, 41). VEGF, the most important proangiogenic factor, can rapidly promote angiogenesis in the early stages of endometrial repair (31), increasing nutrition, oxygen, and hormones at the damage site (42). Micro-vessel density is an objective indicator of angiogenesis and can be measured using the vascular marker CD31 (43). We used VEGF and CD31 to evaluate post-treatment angiogenesis. The data for the stem cell-loaded scaffold groups were higher than the scaffold-only groups, indicating that stem cell-loaded scaffold transplantation exhibited better angiogenesis outcomes.

Cell proliferation and differentiation are critical to promote endometrial re-epithelialization. However, defective endometrial epithelial cells, insufficient endometrial coverage of the uterine cavity, and interstitial cell hyperplasia after endometrial damage result in endometrial fibrosis and proliferation inhibition (44). Ki-67 is a nuclear antigen mainly in proliferating cells, closely related to cell mitosis and proliferation (45). IGF involves various physiological processes, including cell proliferation, differentiation, and metabolism (46). After estrogen activation, IGF regulates the cell cycle and promotes endometrial epithelial cell proliferation (47). Among all studies, four reported ki-67 levels, and two reported IGF-1 levels, suggesting that stem cell-loaded scaffold therapy was more beneficial than the scaffold-only group in increasing cell proliferation.

These results indicate that stem cell-loaded scaffold transplantation repaired endometrial injury and improved the intrauterine microenvironment, possibly through anti-inflammatory, angiogenesis, and maintaining cell proliferation, etc.




4.3 Clinical perspective

Only a few clinical trials have used stem cell-loaded scaffolds to treat patients with IUA. A study reported that five patients with severe Asherman syndrome experienced endometrial regeneration, successful pregnancies, and live births after receiving collagen/BMNC scaffold treatment. In this study, collagen/BMNC scaffold was spread on an18F Foley catheter and then placed into the uterine cavity (48). This procedure was conducted after the administration of Progynova for 10 days and continued for 30 days after surgery with the same dose of Progynova. These five patients received ultrasound scans, hysteroscopic inspection, and endometrial biopsies after three post-surgery menstrual cycles. Another phase I clinical trial used a UCMSC-loaded collagen scaffold and hormone replacement therapy to prevent recurrent IUA after separation surgery (10). Three months after treatment, 10 of the 26 patients became pregnant owing to endometrial and vascular regeneration. Among these 10 patients, eight were successfully delivered without obvious birth defects and placental complications. However, none of these trials had a control group; therefore, it is unclear whether separation surgery, collagen scaffold alone, and/or hormone supplementation would yield similar results. Additionally, Zhu et al. (11) conducted a prospective randomized controlled clinical trial with 140 patients with IUA and a two-year follow-up. One of the strengths of this trial is that the participants were randomly assigned to the BMSC-collagen scaffold plus Foley balloon catheter group and only the Foley balloon catheter group. The trial results indicated that the BMSCcollagen scaffold plus Foley balloon catheter group had a higher ongoing pregnancy rate than the simple Foley balloon catheter group. In this study, BMSCs were autologous, and the collagen scaffold was an effective carrier to hold BMSCs in place during the treatment process.

Despite the initial success, significant work must be conducted to translate the fundamental findings of stem cell-scaffold therapy into clinical applications for treating IUA. For instance, considering ethical issues and immune rejection, is it be better to use autologous stem cells or extracellular vesicles? Besides, the dosage and transplantation frequency of stem cell-loaded scaffolds are typically a topic of concern when applied in clinical practice. More clinical studies are needed to determine the optimal dosage and transplantation frequency of stem cell-loaded scaffold therapy to achieve maximum efficacy and minimize patient harm.




4.4 Limitations

However, this meta-analysis has several potential limitations when interpreting the results. First, although our study included 13 articles, the sample size was relatively small. Similarly, the number of criteria studies in each subgroup was small in the subgroup analysis. Further studies with larger sample sizes are warranted to provide sufficient evidence regarding the effect of stem cell-loaded scaffold therapy on endometrial injury. Second, our meta-analysis only collected data from animal models; most were SD rats, which cannot accurately simulate the physical conditions of humans with IUA. Randomized controlled trial studies on large animals and humans are needed to increase the results robustness and to guide their application in the clinic. Third, although the included studies were all medium- or low-risk, few articles reported sample size calculation, blind modeling, and blind outcome assessment, which are important methods to avoid bias. We attempted to reduce the bias by independent screening, data extraction, outcome assessment, and risk of bias with at least two blinded reviewers. Additionally, many unresolved areas must be explored: (1) the best therapeutic dose of stem cells and scaffolds, (2) the optimal source of stem cells, (3) the most suitable transplantation method, and (4) rejection reactions and the occurrence of adverse events after transplantation. Thus, more high-quality studies are required to confirm these issues.





5 Conclusion

Stem cell-loaded scaffold therapy could rescue the injured endometrium in animal models by increasing the endometrial thickness and gland number, decreasing the fibrous area, controlling the inflammatory response, promoting angiogenesis and cell proliferation, and restoring fertility. Larger animal studies and high-quality randomized controlled human trials are needed for further investigation due to limitations in the quality of evidence.
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Objective

To investigate the causal effect of immune cells on endometriosis (EMS), we performed a Mendelian randomization analysis.





Methods

Mendelian randomization (MR) uses genetic variants as instrumental variables to investigate the causal effects of exposures on outcomes in observational data. In this study, we conducted a thorough two-sample MR analysis to investigate the causal relationship between 731 immune cells and endometriosis. We used complementary Mendelian randomization (MR) methods, including weighted median estimator (WME) and inverse variance weighted (IVW), and performed sensitivity analyses to assess the robustness of our results.





Results

Four immune phenotypes have been found to be significantly associated with the risk of developing EMS: B cell %lymphocyte (WME: OR: 1.074, p = 0.027 and IVW: OR: 1.058, p = 0.008), CD14 on Mo MDSC (WME: OR: 1.056, p =0.021 and IVW: OR: 1.047, p = 0.021), CD14+ CD16− monocyte %monocyte (WME: OR: 0.947, p = 0.024 and IVW: OR: 0.958, p = 0.011), CD25 on unsw mem (WME: OR: 1.055, p = 0.030 and IVW: OR: 1.048, p = 0.003). Sensitivity analyses confirmed the main findings, demonstrating consistency across analyses.





Conclusions

Our MR analysis provides compelling evidence for a direct causal link between immune cells and EMS, thereby advancing our understanding of the disease. It also provides new avenues and opportunities for the development of immunomodulatory therapeutic strategies in the future.
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1 Introduction

Endometriosis (EMS) is a chronic inflammatory condition characterized by the presence of endometrium-like tissue outside the uterus (1). Patients with endometriosis have 25–40% concurrent infertility, while 40–87% experience chronic pelvic pain (2). Genetic predisposition (3), hormonal irregularities (4), environmental influences (5), immune dysregulation (6) and unique anatomical configurations (7) are recognized as potential risk factors associated with the onset of endometriosis. The available evidence suggests that immune dysfunction plays an important role in both the pathogenesis of endometriosis and the manifestation of its clinical symptoms (8).

Disturbances in immune homeostasis can create a favorable environment for implantation, proliferation and angiogenesis of ectopic endometrial tissue (9). The abnormal activation of immune cells such as B cells (10), T cells (11), natural killer (NK) cells (12), Dendritic cells (DC) (13), Monocytes (14) and macrophages (15) leads to increased levels of various inflammatory factors, autoantibodies and cytokines. However, findings on the relationship between immune cells and EMS have been inconsistent.

A systematic review that synthesized the results of 22 selected trials found that the majority of trials reported an increased number and/or activation of B cells in endometriosis. However, seven trials did not find a significant difference, while two trials showed a reduced number of B cells (16). These discrepancies may be due to a limited sample size, to flaws in the design of the studies, and to confounding factors that are beyond the scope of the existing studies.

While quantitative changes in CD4+ T cells have been investigated in numerous studies, there have been conflicting results regarding the frequency of CD4+ T cells in both peripheral blood (PB) and/or peritoneal fluid (PF) when comparing individuals with endometriosis (EM) to healthy women (17).

NK cells have been proposed to have a significant influence on the pathogenesis of the disease, potentially either promoting tolerance or inhibiting the survival, implantation and proliferation of endometrial cells (18). Several studies have reported a significant reduction in the levels of CD56+ NK cells in peritoneal fluid samples from women diagnosed with endometriosis (19, 20). However, alternative research perspectives posit that there are no discernible distinctions in CD56+ NK cell levels within the peritoneal fluid between patients and control groups (21, 22).

The growth and vascularization of endometriosis is dependent on the presence of endogenous dendritic cells, which infiltrate endometriotic lesions and promote endothelial cell migration through the secretion of proangiogenic factors (23). Hey-Cunningham et al. identified variations in dendritic cell populations both locally in endometrial tissue and systemically in the circulation in women with endometriosis, with stage-specific associations within the endometrium (24). However, the impact of dendritic cells on the development of endometriosis lesions in mouse models has been inconsistent (25–27).

Monocytes, macrophages and dendritic cells (DCs) act as antigen-presenting cells (APCs), stimulate T cells and secrete a variety of inflammatory mediators that can modulate immune responses (28).The phagocytic function of peripheral monocytes is reduced in patients with endometriosis compared to healthy women, which may contribute to the observed immunological changes in the disease, as well as being influenced by the presence of ectopic endometrial lesions (29).

Macrophages are classified according to their activation pathway as either ‘classically activated’ (M1) or ‘alternatively activated’ (M2) macrophages. While it is widely accepted that M2 macrophages promote the progression of endometriosis, with M1 macrophages playing a lesser role (30, 31), Takebayashi et al. (32) and Vallvé-Juanico et al. (33) present a contrasting perspective, suggesting that M1 macrophages are the predominant macrophage population in the endometrium of patients with endometriosis. The temporal distribution of macrophages in ectopic endometrial tissue remains uncertain. Braun et al. (34) found a decrease in macrophage numbers only during the early proliferative phase in patients with endometriosis, whereas Khan et al. (35) found higher macrophage numbers in patients with endometriosis than in non-endometriosis patients during all phases. In addition, Berbic et al. (36) reported an increase in macrophage numbers throughout the proliferative phase in patients with endometriosis.

Mendelian randomization (MR) is a well-established epidemiological method that uses genetic studies to elucidate causality (37). MR uses single nucleotide polymorphisms (SNPs) identified through genome-wide association studies (GWAS) as instrumental variables, effectively simulating randomized controlled trials (RCTs) and mitigating biases associated with confounding and reverse causation (38). Previous observational studies have suggested numerous associations between immune cell characteristics and endometriosis. In this study, we further elucidate the causal relationship between immune cell characteristics and endometriosis from a genetic perspective using MR analysis, thereby providing more targeted strategies for future interventions and treatments. This has significant implications for the prevention, diagnosis and treatment of endometriosis (Figure 1).

[image: Flowchart detailing the Mendelian randomization process. On the left, "Exposure" includes 731 immunophenotypes from 563,085 European samples and 22 million SNPs from the GWAS Catalog. A diamond denotes selection criteria: P < 1×10^-5, r²=0.001, kb=10,000, F > 10. On the right, "Outcome" references endometriosis with 231,771 European samples and 24,089,752 SNPs from MRC-IEU. The process includes data collaboration, Mendelian randomization (weighted median, inverse variance weighted), and statistical analysis (Cochran Q test, MR-PRESSO, MR-Egger, leave-one-out methods).]
Figure 1 | Overall design of the study.




2 Materials and methods



2.1 Study design

In this study, we first assessed 731 immune cell types as potential exposure factors, using single nucleotide polymorphisms (SNPs) significantly correlated with these cells as instrumental variables. Endometriosis was then considered as the outcome variable in our analysis. The analysis was performed using a two-sample Mendelian randomization (MR) approach. To ensure the reliability of the results, we tested for heterogeneity, pleiotropy and sensitivity analysis.




2.2 GWAS data sources

We downloaded data on 731 immune cells from the GWAS Catalogue website (https://www.ebi.ac.uk/gwas/home) with PubMed ID 32929287. This dataset has accession numbers from GCST0001391 to GCST0002121 and includes data from 563,085 European samples, covering approximately 22 million SNPs (39).

We obtained genetic data on endometriosis from the MRC-IEU OpenGWAS platform (https://gwas.mrcieu.ac.uk/). Specifically, we retrieved GWAS data on endometriosis patients with dataset ID ebi-a-GCST90018839. This dataset includes 4,511 cases and 227,260 controls from European samples. The data allowed the estimation of genetic associations between 24089752 SNPs and endometriosis.




2.3 Selection of instrumental variables

SNPs serve as instrumental variables (IVs) in this Mendelian randomization (MR) analysis aimed at assessing the causal relationship between exposure and outcome (40). The selection of IVs in this study must meet three key assumptions: (1) IVs have a strong correlation with exposure (e.g. immune cell characteristics); (2) IVs are not directly associated with outcome (e.g. endometriosis); (3) IVs are independent of confounding variables.

Following current research standards, and allowing for the possibility of missing some immune cells due to overly high thresholds, SNPs significantly associated with immune cells (P < 1×10^-5) were selected from the GWAS summary data for further analysis (41–44). Parameters such as r^2 = 0.001 and kb=10000 were set to eliminate the influence of linkage disequilibrium in the analysis. To reduce bias and eliminate weak instrumental variables, only SNPs with an F-statistic greater than 10 were retained for subsequent analysis. SNPs potentially associated with confounding factors were identified and excluded using PhenoScanner V2 (http://www.phenoscanner.medschl.cam.ac.uk/).




2.4 Statistical analysis

The Inverse Variance Weighted (IVW) method is widely regarded as the standard approach for performing MR analysis. The IVW method assumes that all instrumental variables are valid. Its principle is to aggregate the Wald ratio estimates for each instrumental variable to estimate causality. If heterogeneity is detected, a random effects model is used, otherwise a fixed effects model is used (45). The weighted median method (WME) requires that more than 50% of the instrumental variables correspond to true SNPs. Compared to other methods, the weighted median method requires a smaller sample size and guarantees less bias and a lower type I error rate (46).

To estimate causal effects in MR analysis, this study used both the WME and IVW methods. If both methods give results of P < 0.05, this is considered to indicate a direct causal relationship, thus ensuring a high level of confidence in the results. All analyses were performed using the TwoSampleMR package within R version 4.3.1.




2.5 Sensitivity analysis

Sensitivity analysis is of paramount importance in Mendelian randomization studies to identify and address potential pleiotropy. In this study, sensitivity analyses were performed using the Cochran Q test, MR-PRESSO, MR-Egger and leave-one-out methods. The presence of heterogeneity in the instrumental variables was assessed using the Cochran Q test and the MR-PRESSO global heterogeneity test, with P > 0.05 indicating no heterogeneity. The multi-effect test was performed using the MR-Egger regression method, and the intercept term P<0.05 indicates horizontal pleiotropy. The leave-one-out method involved systematically removing each SNP in turn and then recalculating the results using the remaining SNPs. This procedure was used to assess whether the effect of individual SNPs disproportionately influenced the association.




2.6 Reverse MR analysis

Research on endometriosis as an Exposure Factor and the immune cells as the Outcome. According to the screening criteria (p = 5e-08, r2 = 0.001, kb = 10000), SNPs significantly associated with endometriosis were selected. The reverse causal relationship between endometriosis and immune cells was then analyzed using the IVW, MR-Egger, WME, WM and Simple Mode methods.





3 Results



3.1 Exploration of the causal effect of immunophenotypes on EMS

To investigate the causal effects of 731 immune cells on endometriosis, a two-sample MR analysis was performed. The IVW method identified a total of 19 immune cells associated with the onset of endometriosis (Figure 2). After further screening, only four immune cells remained that met the criteria of P < 0.05 in both the WME and IVW methods (Figure 3).

[image: A table analyzing various immune cell exposures in relation to endometriosis. Columns include exposure type, outcome, number of SNPs, method, p-values, and odds ratios with confidence intervals, illustrated with color-coded dot plots indicating effect sizes and confidence intervals. Methods used include MR Egger, weighted median, inverse variance weighted, simple mode, and weighted mode.]
Figure 2 | Impact of 19 Immune Cells on EMS (IVW: p < 0.05). nsnp, number of single nucleotide polymorphisms; OR, odds ratio; CI, confidence interval.

[image: A table displays data on the exposure of different immune cells with columns for the number of SNPs, method, p-value, and odds ratio with a 95% confidence interval. The immune cells include B cell percentage, CD14 on Mo MDSC, CD14+ CD16- monocyte percentage, and CD25 on unswitched memory. Methods used are weighted median and inverse variance weighted. Significant p-values are highlighted, and odds ratios are visualized with colored dots and error bars on a logarithmic scale from 0.8 to 1.2.]
Figure 3 | Impact of 4 Immune Cells on EMS (WME and IVW: p < 0.05). nsnp, number of single nucleotide polymorphisms; OR, odds ratio; CI, confidence interval.

The WME and IVW MR analyses identified four immunological features significantly associated with the presence of endometriosis: B cell %lymphocyte (WME: OR: 1.074, p = 0.027 and IVW: OR: 1.058, p = 0.008), CD14 on Mo MDSC (WME: OR: 1.056, p =0.021 and IVW: OR: 1.047, p = 0.021), CD14+ CD16− monocyte %monocyte (WME: OR: 0.947, p = 0.024 and IVW: OR: 0.958, p = 0.011), CD25 on unsw mem (WME: OR: 1.055, p = 0.030 and IVW: OR: 1.048, p = 0.003). As shown in the scatter plot, the characteristics (e.g. B cell %lymphocyte, CD14 on Mo MDSC and CD25 on unsw mem) were positively associated with EMS(Figures 4A, B, D), whereas the characteristics (i.e. CD14+ CD16- monocyte %monocyte) was negatively associated with EMS (Figures 4C).

[image: Four scatter plots labeled A to D, each displaying the SNP effect on endometriosis against different cell types. Lines represent various MR tests: inverse variance weighted, MR Egger, simple mode, weighted median, and weighted mode. Each plot shows data points with error bars and fitted lines. Plot A: SNP effect on B cell %/lymphocyte. Plot B: CD14 on Mo MDSC. Plot C: CD14+ CD16− monocyte %/monocyte. Plot D: CD25 on unsw mem. Each plot indicates potential correlations in genetic data.]
Figure 4 | Scatter plot illustrating the relationship between the SNP effect size of causal immune traits (x-axis) and the corresponding effect size estimates of EMSs (y-axis). (A) B cell %lymphocyte, (B) CD14 on Mo MDSC, (C) CD14+ CD16− monocyte %monocyte, (D) CD25 on unsw mem.




3.2 Sensitivity analysis

Cochran Q test results indicated no heterogeneity between SNPs (Supplementary Table 1). The result of the MR-Egger intercept test was that horizontal pleiotropy had no effect on the MR analysis results (Supplementary Table 2). The funnel plot shows a symmetrical distribution on both sides. This indicates that there is no bias in the results of the MR analysis (Figure 5). There were no outlier SNPs in the MR-PRESSO global test results (Supplementary Table 3). Sensitivity analysis using the leave-one-out method showed that the results of the MR analysis were not influenced by individual SNPs (Figure 6).

[image: Four scatter plots (A, B, C, D) display MR method analyses with data points plotted against \(1/SE\). Plots include inverse variance weighted and MR Egger regression lines. X-axes represent different immunological markers: (A) B cell percentage/lymphocyte, (B) CD14 on Mo MDSC, (C) CD14+ CD16- monocyte percentage/monocyte, (D) CD25 on unsw mem. Each plot has unique data distributions.]
Figure 5 | Sensitivity results Funnel plot. (A) B cell %lymphocyte, (B) CD14 on Mo MDSC, (C) CD14+ CD16− monocyte %monocyte, (D) CD25 on unsw mem.

[image: Four forest plots (A-D) displaying MR leave-one-out sensitivity analyses for different immune cell markers related to endometriosis. Each plot features horizontal lines representing different SNPs, with black dots indicating the effect size. The graphs show the impact of specific SNPs on immune cells like B cell lymphocytes, CD14 on Mo MDSC, CD14+ CD16− monocytes, and CD25 on memory T cells, with x-axes ranging from negative to positive effect sizes.]
Figure 6 | MR leave−one−out sensitivity analysis. (A) B cell %lymphocyte, (B) CD14 on Mo MDSC, (C) CD14+ CD16− monocyte %monocyte, (D) CD25 on unsw mem.




3.3 Causal Effects of EMS on the four immune cells

In the reverse causal analysis, none of the five MR analysis methods suggested a significant causal relationship between EMS and the four immune cells (P>0.05) (Figure 7). The remaining 15 immune cells identified by the IVW method showed only one with a reverse causal relationship with endometriosis: CD11c+ monocyte %monocyte (IVW: OR: 1.271, p = 0.004) (Supplementary PDF1).

[image: Table showing different statistical methods applied to genetic data on endometriosis. Columns detail the outcome, number of SNPs (8), method (MR Egger, Weighted Median, Inverse Variance Weighted, Simple Mode, Weighted Mode), p-values, and odds ratios with 95% confidence intervals. Different plots indicate method performance across various immune outcomes like B cell percentage and CD markers.]
Figure 7 | EMS and the four immune cells. nsnp, number of single nucleotide polymorphisms; OR, odds ratio; CI, confidence interval.





4 Discussion

We investigated the causal relationships between 731 immune cell traits and endometriosis using large, publicly available genetic datasets. In this study, the IVW method identified 19 immune cells, while the combined WME method identified four immune phenotypes that were significantly associated with EMS causality: ‘B cell %lymphocyte’, ‘CD14 on Mo MDSC’, ‘CD14+ CD16- monocyte %monocyte’, and ‘CD25 on unsw mem’. However, there is no reverse causal relationship between endometriosis and these four immune cells.

Our results suggest a significant correlation between two types of B cells, ‘B cell %lymphocyte’ and ‘CD25 on unsw mem’, and an increased risk of endometriosis.

‘B cell %lymphocyte’ is the proportion of B cells in the total number of lymphocytes. Lymphocytic immune cells are essential for endometrial cells to survive and proliferate (47). A systematic review shows that the majority of studies have documented an increase in both the number and activity of B cells in the peripheral blood, endometrial tissue or peritoneal fluid of people with endometriosis (16). In addition, Andrew J. Shih et al. performed single-cell RNA sequencing (scRNA-Seq) analysis comparing endometrial tissue obtained from freshly collected menstrual fluid (MF) samples from 33 subjects. They found a significant increase in B cells in the shed endometrium of individuals diagnosed with endometriosis (p = 5.8 × 10–6) (48). Studies by Nothnick et al. have shown elevated serum levels of autoantibodies of varying specificity, including anti-endometrial and antisperm antibodies, in women diagnosed with endometriosis (49). The dysfunctional behavior of B lymphocytes in endometriosis is characterized by an increase in the production and quantity of antibodies, particularly autoantibodies, which can lead to immune evasion by endometrial cells, thereby accelerating disease progression (50). Antsiferova et al. used peripheral blood or uterine endometrial lymphocytes from healthy women as controls and observed a significant increase in the amount of pan-B cells, especially B lymphocytes of the B-1 subset, and the level of activated B lymphocytes in the ectopic endometrium (50). B-1 cells, derived from fetal B lymphocytes, have unique developmental and functional characteristics. They demonstrate the ability to generate natural, polyreactive antibodies that are critical for maintaining tissue homeostasis and enhancing immune defense (51). The increased production of autoantibodies resulting from B-1 cell activation may serve as a mechanism to facilitate evasion of immune surveillance by endometrial cells. A key feature of B-1 cells is their synthesis of low-affinity poly-reactive immunoglobulins, which have the ability to recognize a wide range of autoantigens and show cross-reactivity with many bacterial antigens, including polysaccharides and lipopolysaccharides (52). Lebovic et al. suggested that anti-endometrial autoantibodies may mask the antigenic determinants of endometrial cells, potentially shielding them from immune cell attack (53).

‘CD25 on unsw mem’ means that CD25 is expressed on non-switched memory B cells. Switched memory B cells originate from the germinal center and consist of isotype-switched IgG, IgA, IgE and pre-switched IgM+ only cells. Conversely, non-switched memory B cells are antigen-experienced B cells expressing either IgM+IgD+ or the smaller subset expressing only IgD+ (IgM-) (54). B cells expressing CD25 spontaneously secrete immunoglobulins of the IgA, IgG and IgM subclasses and have an enhanced migratory capacity compared to CD25(-) B cells (55). The increased migratory capacity of endometrial stromal cells (ESCs) is a fundamental determinant in the development of functional endometrium-like tissue outside the uterine cavity in EMS (56).

In an experimental rat model of endometriosis, Dogan et al. observed a significant reduction in the volume of endometriotic implants following treatment with Rituximab, a B-cell antibody (57). Although several studies have demonstrated aberrant production of endometrial autoantibodies in endometriosis, there is no consensus about the concentration of B cells (in eutopic and ectopic endometrium, circulating blood and/or peritoneal fluid) and their roles in this disorder (58). Future studies of ‘B cell %lymphocytes’ and ‘CD25 on unsw mem’ may provide additional insights into the pathogenesis of endometriosis and facilitate consensus in this field.

Our results also showed a positive correlation between increased levels of ‘CD14 on Mo MDSC’ and increased risk of EMS, while an increase in ‘CD14+ CD16- monocyte %monocyte’ was inversely associated with EMS risk.

Zhang et al. found that the number of myeloid-derived suppressor cells (MDSCs) decreases in human patients after laparoscopic surgery, while depletion of MDSCs in mouse models significantly reduces endometriotic lesions and adoptive transfer of MDSCs restores lesion growth. This suggests a proactive recruitment process of MDSCs during endometriosis, which may promote lesion survival and progression (59). Researchers identify the lack of definitive markers for human MDSCs as a major hurdle, contributing to delays in characterizing and conducting in situ studies of this complex immunosuppressive population (60). The ‘CD14 on Mo MDSC’ subset of MDSCs may serve as a focal point for future research efforts, facilitating a deeper understanding of the pathogenic mechanisms underlying endometriosis.

‘CD14+ CD16- monocyte %monocyte’ indicates the proportion of CD14+ CD16- monocytes in the total monocyte population. In healthy people, about 90% of monocytes are characterized as being CD14 positive and CD16 negative, known as CD14+CD16- classical monocytes (61). In inflammatory contexts, classical monocytes migrate into tissues where they differentiate into either macrophages or dendritic cells (62). In this capacity, they perform various functions, including the removal of apoptotic bodies, the promotion of angiogenesis and the restoration of tissue integrity, thereby contributing to the reduction of lesions (63). Research by Hogg et al. shows that endometriosis triggers a sustained recruitment of monocytes into the peritoneal cavity and an increased influx of monocytes into the large peritoneal macrophage (LpM) reservoir. In this context, monocyte-derived LpMs have been observed to exert a protective influence against the progression of endometriosis lesions (64). Although ‘CD14+ CD16- monocyte %monocyte’ has rarely been reported in endometriosis, our study results provide new insights into the differentiation of monocytes into macrophages and the activation of monocytes in endometriosis, thus providing valuable guidance for future research efforts.

Our study used two-sample MR analysis, drawing on extensive GWAS datasets of approximately 231771 individuals, ensuring robust statistical power. The study’s conclusions relied on genetic instrumental variables with a predefined threshold of P<0.05 for both WME and IVW MR analysis methods, aiming to enhance result robustness against potential issues like horizontal pleiotropy and other confounding factors. The identification of four immune cell types (‘B cell %lymphocyte’, ‘CD14 on Mo MDSC’, ‘CD14+ CD16- monocyte %monocyte’, and ‘CD25 on unsw mem’) elucidated the interaction patterns between the immune system and endometriosis and provided additional valuable data on the immune environment surrounding the complex pathogenic molecular mechanisms of endometriosis. Our findings suggest the potential for integrating checkpoint inhibitors with strategies targeting B cells and MDSC in future immunotherapy studies for endometriosis. However, this study also has several limitations. First, the two-sample MR analysis was based on summary data from the GWAS, which lacked detailed demographic information and clinical characteristics of the participants, precluding subsequent subgroup analyses. As a result, we were unable to explore potential variations in the causal relationship between immune cells and endometriosis across different phases of the menstrual cycle. Secondly, the predominantly European origin of the study sample limits the generalizability of the findings to other populations. Future research could include clinical trials in different countries to achieve more precise immunotherapy interventions.




5 Conclusions

In summary, our MR analysis provides robust evidence for a causal link between immune cells and susceptibility to EMS. This finding holds great promise for informing clinical decisions regarding disease prognosis and treatment modalities, while also paving the way for novel drug development efforts.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

XF: Conceptualization, Validation, Writing – original draft. QD: Conceptualization, Writing – original draft. HY: Conceptualization, Writing – original draft. ZY: Data curation, Writing – original draft. ZP: Formal Analysis, Writing – original draft. YZ: Investigation, Writing – original draft. TL: Methodology, Writing – original draft. ZT: Project administration, Writing – original draft. JL: Software, Writing – original draft. LL: Software, Writing – review & editing. HH: Resources, Writing – review & editing. LZ: Funding acquisition, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The research was supported by the Special Funds for Public Welfare Research and Capacity Building of Guangdong Province, China (No. 2015A080803009).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2024.1397670/full#supplementary-material


References
	1. Kennedy, S, Bergqvist, A, Chapron, C, Hooghe, T, Dunselman, G, Greb, R, et al. ESHRE guideline for the diagnosis and treatment of endometriosis. Hum Reprod. (2005) 20:2698–704. doi: 10.1093/humrep/dei135
	2. Santanam, N, Kavtaradze, N, Murphy, A, Dominguez, C, and Parthasarathy, S. Antioxidant supplementation reduces endometriosis-related pelvic pain in humans. Trans Res. (2013) 161:189–95. doi: 10.1016/j.trsl.2012.05.001
	3. Guo, SW. Epigenetics of endometriosis. Mol Hum Reprod. (2009) 15:587–607. doi: 10.1093/molehr/gap064
	4. Barbosa, CP, De Souza, AMB, Bianco, B, and Christofolini, DM. The effect of hormones on endometriosis development. Minerva Ginecol. (2011) 63:375–86.
	5. Carmona, F, Martínez-Zamora, A, Bassols, ML, and Balasch, J. Environmental influences on the development of endometriosis. J Endometriosis Pelvic Pain Disord. (2013) 5:49–61. doi: 10.5301/je.5000153
	6. Jiang, Y, Chai, X, Chen, S, Chen, Z, Tian, H, Liu, M, et al. Exosomes from the uterine cavity mediate immune dysregulation via inhibiting the JNK signal pathway in endometriosis. Biomedicines. (2022) 10:3110. doi: 10.3390/biomedicines10123110
	7. Manieri Rocha, R, Leonardi, M, Eathorne, A, Eathorne, A, Armour, M, and Condous, G. Anatomical distribution of endometriosis: A cross-sectional analysis of transvaginal ultrasound in symptomatic patients. Australas J ultrasound Med. (2023) 26:131–41. doi: 10.1002/ajum.12327
	8. Carli, C, Metz, CN, Al-Abed, Y, Naccache, PH, and Akoum, A. Up-regulation of cyclooxygenase-2 expression and prostaglandin E2 production in human endometriotic cells by macrophage migration inhibitory factor: involvement of novel kinase signaling pathways. Endocrinology. (2009) 150:3128–37. doi: 10.1210/en.2008-1088
	9. Matarese, G, De Placido, G, Nikas, Y, and Alviggi, C. Pathogenesis of endometriosis: natural immunity dysfunction or autoimmune disease? Trends Mol Med. (2003) 9:223–8. doi: 10.1016/S1471-4914(03)00051-0
	10. Badawy, SZA, Cuenca, V, Kaufman, L, Stitzel, A, and Thompson, M. The regulation of immunoglobulin production by B cells in patients with endometriosis. Fertil steril. (1989) 51:770–3. doi: 10.1016/S0015-0282(16)60664-7
	11. Szukiewicz, D. Epigenetic regulation and T-cell responses in endometriosis–something other than autoimmunity. Front Immunol. (2022) 13:943839. doi: 10.3389/fimmu.2022.943839
	12. He, J, Xu, Y, Yi, M, Gu, C, Zhu, Y, and Hu, G. Involvement of natural killer cells in the pathogenesis of endometriosis in patients with pelvic pain. J Int Med Res. (2020) 48:0300060519871407. doi: 10.1177/0300060519871407
	13. Qiaomei, Z, Ping, W, Yanjing, Z, Jinhua, W, Shaozhan, C, and Lihong, C. Features of peritoneal dendritic cells in the development of endometriosis. Reprod Biol Endocrinol. (2023) 21:4. doi: 10.1186/s12958-023-01058-w
	14. Sari, FM, Mirkalantari, S, Nikoo, S, Sepahvand, F, Allahqoli, L, Asadi, A, et al. Potential of Lactobacillus acidophilus to modulate cytokine production by peripheral blood monocytes in patients with endometriosis. Iran J Microbiol. (2022) 14:698. doi: 10.18502/ijm.v14i5.10965
	15. Hogg, C, Horne, AW, and Greaves, E. Endometriosis-associated macrophages: origin, phenotype, and function. Front Endocrinol. (2020) 11:507486. doi: 10.3389/fendo.2020.00007
	16. Riccio, LGC, Baracat, EC, Chapron, C, Batteux, F, and Abrão, MS. The role of the B lymphocytes in endometriosis: a systematic review. J Reprod Immunol. (2017) 123:29–34. doi: 10.1016/j.jri.2017.09.001
	17. Yang, H, and Zhuang, Y. The deviations of CD4+ T cells during peripheral blood and peritoneal fluid of endometriosis: a systematic review and meta-analysis. Arch Gynecol Obstet. (2023) 308:1431–46. doi: 10.1007/s00404-023-06964-3
	18. Thiruchelvam, U, Wingfield, M, and O’Farrelly, C. Natural killer cells: key players in endometriosis. Am J Reprod Immunol. (2015) 74:291–301. doi: 10.1111/aji.12408
	19. Funamizu, A, Fukui, A, Kamoi, M, Fuchinoue, K, Yokota, M, Fukuhara, R, et al. Expression of natural cytotoxicity receptors on peritoneal fluid natural killer cell and cytokine production by peritoneal fluid natural killer cell in women with endometriosis. Am J Reprod Immunol. (2014) 71:359–67. doi: 10.1111/aji.12206
	20. Jeung, IC, Cheon, K, and Kim, MR. Decreased cytotoxicity of peripheral and peritoneal natural killer cell in endometriosis. BioMed Res Int. (2016) 2016:2916070. doi: 10.1155/2016/2916070
	21. Ho, HN, Chao, KH, Chen, HF, Wu, MY, Yang, YS, Lee, TY, et al. Peritoneal natural killer cytotoxicity and CD25+ CD3+ lymphocyte subpopulation are decreased in women with stage III–IV endometriosis. Hum Reprod. (1995) 10:2671–5. doi: 10.1093/oxfordjournals.humrep.a135765
	22. Oosterlynck, DJ, Meuleman, C, Lacquet, FA, Waer, M, and Koninckx, PR. Flow cytometry analysis of lymphocyte subpopulations in peritoneal fluid of women with endometriosis. Am J Reprod Immunol. (1994) 31:25–31. doi: 10.1111/j.1600-0897.1994.tb00843.x
	23. Laginha, PA, Arcoverde, FVL, Riccio, LGC, Andres, MP, and Abrao, MS. The role of dendritic cells in endometriosis: A systematic review. J Reprod Immunol. (2022) 149:103462. doi: 10.1016/j.jri.2021.103462
	24. Hey-Cunningham, AJ, Wong, C, Hsu, J, Fromm, PD, Clark, GJ, Kupresanin, F, et al. Comprehensive analysis utilizing flow cytometry and immunohistochemistry reveals inflammatory changes in local endometrial and systemic dendritic cell populations in endometriosis. Hum Reprod. (2021) 36:415–28. doi: 10.1093/humrep/deaa318
	25. Stanic, AK, Kim, M, Styer, AK, and Rueda, BR. Dendritic cells attenuate the early establishment of endometriosis-like lesions in a murine model. Reprod Sci. (2014) 21:1228–36. doi: 10.1177/1933719114525267
	26. Fainaru, O, Adini, A, Benny, O, Adini, I, Short, S, Bazinet, L, et al. Dendritic cells support angiogenesis and promote lesion growth in a murine model of endometriosis. FASEB J. (2008) 22:522–9. doi: 10.1096/fj.07-9034com
	27. Pencovich, N, Luk, J, Hantisteanu, S, Hornstein, MD, and Fainaru, O. The development of endometriosis in a murine model is dependent on the presence of dendritic cells. Reprod BioMed Online. (2014) 28:515–21. doi: 10.1016/j.rbmo.2013.12.011
	28. Na, YJ, Jin, JO, Lee, MS, Song, MG, Lee, KS, and Kwak, JY. Peritoneal fluid from endometriosis patients switches differentiation of monocytes from dendritic cells to macrophages. J Reprod Immunol. (2008) 77:63–74. doi: 10.1016/j.jri.2007.03.013
	29. Lukács, L, Kovács, AR, Pál, L, Szűcs, S, Kövér, Á, and Lampé, R. Phagocyte function of peripheral neutrophil granulocytes and monocytes in endometriosis before and after surgery. J Of Gynecol Obstet And Hum Reprod. (2021) 50:101796. doi: 10.1016/j.jogoh.2020.101796
	30. Bacci, M, Capobianco, A, Monno, A, Cottone, L, Di Puppo, F, Camisa, B, et al. Macrophages are alternatively activated in patients with endometriosis and required for growth and vascularization of lesions in a mouse model of disease. Am J Pathol. (2009) 175:547–56. doi: 10.2353/ajpath.2009.081011
	31. Wang, Y, Fu, Y, Xue, S, Ai, A, Chen, H, Lyu, Q, et al. The M2 polarization of macrophage induced by fractalkine in the endometriotic milieu enhances invasiveness of endometrial stromal cells. Int J Clin Exp Pathol. (2014) 7:194.
	32. Takebayashi, A, Kimura, F, Kishi, Y, Ishida, M, Takahashi, A, Yamanaka, A, et al. Subpopulations of macrophages within eutopic endometrium of endometriosis patients. Am J Reprod Immunol. (2015) 73:221–31. doi: 10.1111/aji.12331
	33. Vallvé-Juanico, J, Santamaria, X, Vo, KC, Houshdaran, S, and Giudice, LC. Macrophages display proinflammatory phenotypes in the eutopic endometrium of women with endometriosis with relevance to an infectious etiology of the disease. Fertil steril. (2019) 112:1118–28. doi: 10.1016/j.fertnstert.2019.08.060
	34. Braun, DP, Ding, J, Shen, J, Rana, N, Fernandez, BB, and Dmowski, WP. Relationship between apoptosis and the number of macrophages in eutopic endometrium from women with and without endometriosis. Fertil steril. (2002) 78:830–5. doi: 10.1016/S0015-0282(02)03334-4
	35. Khan, KN, Masuzaki, H, Fujishita, A, Kitajima, M, Sekine, I, and Ishimaru, T. Differential macrophage infiltration in early and advanced endometriosis and adjacent peritoneum. Fertil steril. (2004) 81:652–61. doi: 10.1016/j.fertnstert.2003.07.037
	36. Berbic, M, Schulke, L, Markham, R, Tokushige, N, Russell, P, and Fraser, IS. Macrophage expression in endometrium of women with and without endometriosis. Hum Reprod. (2009) 24:325–32. doi: 10.1093/humrep/den393
	37. Davies, NM, Holmes, MV, and Smith, GD. Reading Mendelian randomization studies: a guide, glossary, and checklist for clinicians. BMJ. (2018) 362:k601. doi: 10.1136/bmj.k601
	38. Hemani, G, Bowden, J, and Davey Smith, G. Evaluating the potential role of pleiotropy in Mendelian randomization studies. Hum Mol Genet. (2018) 27:R195–208. doi: 10.1093/hmg/ddy163
	39. Orrù, V, Steri, M, Sidore, C, Marongiu, M, Serra, V, Olla, S, et al. Complex genetic signatures in immune cells underlie autoimmunity and inform therapy. Nat Genet. (2020) 52:1036–45. doi: 10.1038/s41588-020-0684-4
	40. Burgess, S, Foley, CN, Allara, E, Staley, JR, and Howson, JMM. A robust and efficient method for Mendelian randomization with hundreds of genetic variants. Nat Commun. (2020) 11:376. doi: 10.1038/s41467-019-14156-4
	41. Wang, A, and Zhang, J. Causal role of immune cells in psoriasis: a Mendelian randomization analysis. Front Immunol. (2024) 15:1326717. doi: 10.3389/fimmu.2024.1326717
	42. Wang, Y, Zhou, C, Wang, D, Ma, J, Sun, XH, Wang, Y, et al. Unraveling the causal role of immune cells in gastrointestinal tract cancers: insights from a Mendelian randomization study. Front Immunol. (2024) 15:1343512. doi: 10.3389/fimmu.2024.1343512
	43. Gu, J, Qiao, Y, and Cong, S. Causal role of immune cells on risk of Parkinson’s disease: a Mendelian randomization study. Front Aging Neurosci. (2024) 16:1368374. doi: 10.3389/fnagi.2024.1368374
	44. Wang, C, Zhu, D, Zhang, D, Zuo, X, Yao, L, Liu, T, et al. Causal role of immune cells in schizophrenia: Mendelian randomization (MR) study. BMC Psychiatry. (2023) 23:590. doi: 10.1186/s12888-023-05081-4
	45. Burgess, S, Butterworth, A, and Thompson, SG. Mendelian randomization analysis with multiple genetic variants using summarized data. Genet Epidemiol. (2013) 37:658–65. doi: 10.1002/gepi.21758
	46. Bowden, J, Davey Smith, G, Haycock, PC, and Burgess, S. Consistent estimation in Mendelian randomization with some invalid instruments using a weighted median estimator. Genet Epidemiol. (2016) 40:304–14. doi: 10.1002/gepi.21965
	47. Klein, NA, Montoya, IA, and Schenken, RS. Characterization of the resident lymphoid cell population in endometriosis. Soc Gynecol Invest Abst. (1992) 518.
	48. Shih, AJ, Adelson, RP, Vashistha, H, Khalili, H, Nayyar, A, Puran, R, et al. Single-cell analysis of menstrual endometrial tissues defines phenotypes associated with endometriosis. BMC Med. (2022) 20:315. doi: 10.1186/s12916-022-02500-3
	49. Nothnick, WB. Treating endometriosis as an autoimmune disease. Fertil steril. (2001) 76:223–31. doi: 10.1016/S0015-0282(01)01878-7
	50. Antsiferova, YS, Sotnikova, NY, Posiseeva, LV, and Shor, AL. Changes in the T-helper cytokine profile and in lymphocyte activation at the systemic and local levels in women with endometriosis. Fertil steril. (2005) 84:1705–11. doi: 10.1016/j.fertnstert.2005.05.066
	51. Baumgarth, N. The double life of a B-1 cell: self-reactivity selects for protective effector functions. Nat Rev Immunol. (2011) 11:34–46. doi: 10.1038/nri2901
	52. Murakami, M, and Honjo, T. Involvement of B-1 cells in mucosal immunity and autoimmunity. Immunol Today. (1995) 16:534–9. doi: 10.1016/0167-5699(95)80047-6
	53. Lebovic, DI, Mueller, MD, and Taylor, RN. Immunobiology of endometriosis. Fertil steril. (2001) 75:1–10. doi: 10.1016/S0015-0282(00)01630-7
	54. Castleman, MJ, Santos, AL, Lesteberg, KE, Maloney, JP, Janssen, WJ, Mould, KJ, et al. Activation and pro-inflammatory cytokine production by unswitched memory B cells during SARS-CoV-2 infection. Front Immunol. (2023) 14:1213344. doi: 10.3389/fimmu.2023.1213344
	55. Amu, S, Gjertsson, I, and Brisslert, M. Functional characterization of murine CD25 expressing B cells. Scandinavian J Immunol. (2010) 71:275–82. doi: 10.1111/sji.2010.71.issue-4
	56. Zhang, D, Wang, L, Guo, HL, Zhang, ZW, Wang, C, Chian, RC, et al. MicroRNA−202 inhibits endometrial stromal cell migration and invasion by suppressing the K−Ras/Raf1/MEK/ERK signaling pathway. Int J Mol Med. (2020) 46:2078–88. doi: 10.3892/ijmm
	57. Dogan, AC, Dogan, M, Togrul, C, and Ozkan, NT. The effects of Rituximab on experimental endometriosis model in rats. J Reprod Immunol. (2023) 156:103814. doi: 10.1016/j.jri.2023.103814
	58. Vallvé-Juanico, J, Houshdaran, S, and Giudice, LC. The endometrial immune environment of women with endometriosis. Hum Reprod Update. (2019) 25:565–92. doi: 10.1093/humupd/dmz018
	59. Zhang, T, Zhou, J, Man, GCW, Leung, KT, Liang, B, Xiao, B, et al. MDSCs drive the process of endometriosis by enhancing angiogenesis and are a new potential therapeutic target. Eur J Immunol. (2018) 48:1059–73. doi: 10.1002/eji.201747417
	60. Gabrilovich, DI, Bronte, V, Chen, SH, Colombo, MP, Ochoa, A, Ostrand-Rosenberg, S, et al. The terminology issue for myeloid-derived suppressor cells. Cancer Res. (2007) 67:425–5. doi: 10.1158/0008-5472.CAN-06-3037
	61. Calderon, TM, Williams, DW, Lopez, L, Eugenin, EA, Cheney, L, Gaskill, PJ, et al. Dopamine increases CD14+ CD16+ monocyte transmigration across the blood brain barrier: implications for substance abuse and HIV neuropathogenesis. J Neuroimmune Pharmacol. (2017) 12:353–70. doi: 10.1007/s11481-017-9726-9
	62. Ginhoux, F, and Jung, S. Monocytes and macrophages: developmental pathways and tissue homeostasis. Nat Rev Immunol. (2014) 14:392–404. doi: 10.1038/nri3671
	63. Geissmann, F, Manz, MG, Jung, S, Sieweke, MH, Merad, M, and Ley, K. Development of monocytes, macrophages, and dendritic cells. Science. (2010) 327:656–61. doi: 10.1126/science.1178331
	64. Hogg, C, Panir, K, Dhami, P, Rosser, M, Mack, M, Soong, D, et al. Macrophages inhibit and enhance endometriosis depending on their origin. Proc Natl Acad Sci. (2021) 118:e2013776118. doi: 10.1073/pnas.2013776118




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Fang, Deng, Yang, Yan, Peng, Zhao, Liao, Tu, Liu, Liu, Zou and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 20 August 2024

doi: 10.3389/fendo.2024.1380829

[image: image2]


Optimizing evaluation of endometrial receptivity in recurrent pregnancy loss: a preliminary investigation integrating radiomics from multimodal ultrasound via machine learning


Shanling Yan 1, Fei Xiong 1, Yanfen Xin 1 , Zhuyu Zhou 1 and Wanqing Liu 2*†


1Department of Ultrasound, Deyang People’s Hospital, Deyang, Sichuan, China, 2Department of Obstetrics and Gynecology, Deyang People’s Hospital, Deyang, Sichuan, China




Edited by: 

Francesca de Michele, Chirec Delta Hospital, Belgium

Reviewed by: 

Noemi Salmeri, San Raffaele Scientific Institute (IRCCS), Italy

Xiushan Feng, Fujian Medical University, China

*Correspondence: 

Wanqing Liu
 qinzi_321@163.com

†ORCID: 

Wanqing Liu
 orcid.org/0009-0009-6437-9308


Received: 02 February 2024

Accepted: 05 August 2024

Published: 20 August 2024

Citation:
Yan S, Xiong F, Xin Y, Zhou Z and Liu W (2024) Optimizing evaluation of endometrial receptivity in recurrent pregnancy loss: a preliminary investigation integrating radiomics from multimodal ultrasound via machine learning. Front. Endocrinol. 15:1380829. doi: 10.3389/fendo.2024.1380829






Background

Recurrent pregnancy loss (RPL) frequently links to a prolonged endometrial receptivity (ER) window, leading to the implantation of non-viable embryos. Existing ER assessment methods face challenges in reliability and invasiveness. Radiomics in medical imaging offers a non-invasive solution for ER analysis, but complex, non-linear radiomic-ER relationships in RPL require advanced analysis. Machine learning (ML) provides precision for interpreting these datasets, although research in integrating radiomics with ML for ER evaluation in RPL is limited.





Objective

To develop and validate an ML model that employs radiomic features derived from multimodal transvaginal ultrasound images, focusing on improving ER evaluation in RPL.





Methods

This retrospective, controlled study analyzed data from 346 unexplained RPL patients and 369 controls. The participants were divided into training and testing cohorts for model development and accuracy validation, respectively. Radiomic features derived from grayscale (GS) and shear wave elastography (SWE) images, obtained during the window of implantation, underwent a comprehensive five-step selection process. Five ML classifiers, each trained on either radiomic, clinical, or combined datasets, were trained for RPL risk stratification. The model demonstrating the highest performance in identifying RPL patients was selected for further validation using the testing cohort. The interpretability of this optimal model was augmented by applying Shapley additive explanations (SHAP) analysis.





Results

Analysis of the training cohort (242 RPL, 258 controls) identified nine key radiomic features associated with RPL risk. The extreme gradient boosting (XGBoost) model, combining radiomic and clinical data, demonstrated superior discriminatory ability. This was evidenced by its area under the curve (AUC) score of 0.871, outperforming other ML classifiers. Validation in the testing cohort of 215 subjects (104 RPL, 111 controls) confirmed its accuracy (AUC: 0.844) and consistency. SHAP analysis identified four endometrial SWE features and two GS features, along with clinical variables like age, SAPI, and VI, as key determinants in RPL risk stratification.





Conclusion

Integrating ML with radiomics from multimodal endometrial ultrasound during the WOI effectively identifies RPL patients. The XGBoost model, merging radiomic and clinical data, offers a non-invasive, accurate method for RPL management, significantly enhancing diagnosis and treatment.





Keywords: recurrent pregnancy loss, endometrial receptivity, radiomics, machine learning, shear wave elastography





Introduction

In the quest to understand the complexities of recurrent pregnancy loss (RPL), a condition impacting up to 5% of couples striving for conception, a comprehensive exploration into its causes has been undertaken (1). This includes investigations into anatomical, endocrine, and immunological factors, among others (2). Despite these efforts, a significant proportion of RPL cases remain unexplained (3). It is recognized that the causes of RPL can generally be categorized into maternal and embryonic aspects (4). Recent studies have suggested that fetal chromosomal anomalies may account for 30 to 60% of miscarriages in RPL cases (5). It is noteworthy that chromosomal instability within preimplantation embryos is a common phenomenon, even among younger women of childbearing age (6). The maternal reproductive system is known to possess a natural quality control mechanism, designed to prevent the implantation of embryos with compromised viability (7). Thus, in many instances, RPL can be viewed as a failure of this natural selection process, resulting in the implantation and subsequent miscarriage of embryos unlikely to achieve full-term development.

Inadequate natural embryonic selection often results in a state of biological ‘superfertility’, characterized by insufficient decidualization of stromal cells and a misaligned maternal response to embryonic signals (8–10). This condition is thought to prolong the endometrial receptivity (ER) window, potentially leading to the delayed implantation of compromised embryos, a concept supported by research from Wilcox et al. (11). Since ER can be improved with individualized therapies (12), understanding the timed changes in the endometrial immune environment is key to assessing the optimal ER state, which could facilitate a balance between successful implantation and pregnancy in RPL women (13).

The clinical evaluation of the endometrium continues to be a critical component in the investigation of couples facing unexplained RPL (uRPL). Current research on ER predominantly focuses on endometrial parameters significant for predicting assisted reproduction outcomes, including endometrial morphology and Doppler blood flow assessed using ultrasonography (14, 15). However, the reliability of these parameters in identifying RPL patients remains a matter of debate (16). Invasive procedures like hysteroscopy, though offering detailed examination, are less suitable for routine screening and repeated measures (17). The progress in molecular testing offers hope, yet it requires extensive validation (18). Consequently, the development of more precise and objective non-invasive methods for ER assessment is essential for enhancing diagnostic accuracy in RPL and improving patient prognosis.

To address this need, our study introduces an enhanced approach by integrating radiomics into the established multimodal transvaginal ultrasound protocol. Radiomics, endorsed by the European Society of Radiology (19) as a leading-edge method in medical imaging, offers comprehensive feature extraction from imaging data (20), which facilitates potential clinical correlations in ER evaluation. Its recent application has shown promise in non-invasive ER evaluation (21). However, the complexity and non-linearity inherent in the relationships between radiomic features and clinical outcomes necessitate advanced analytical methods. Traditional linear models are inadequate for the required precision, highlighting the necessity for artificial intelligence, especially machine learning (ML) algorithms, to better analyze these intricate datasets (22). The combination of radiomics and ML presents a compelling synergy, particularly beneficial due to the large datasets provided by radiomics through its high-throughput extraction of quantitative features from medical images (23).

Given this potential, our study focuses on the development and validation of an ML model that utilizes radiomic features from grayscale (GS) and shear wave elastography (SWE) images of the endometrium obtained via transvaginal ultrasound. The aim is to refine ER evaluation in RPL patients, facilitating the identification of specific ER states. This improved identification process is crucial for the timely application of customized therapies, addressing the unique needs of RPL patients.





Materials and methods

Conducted with a retrospective and controlled methodology, this study adhered rigorously to the ethical guidelines outlined in the Declaration of Helsinki. Ethical approval was secured from the Institutional Review Board of Deyang People’s Hospital (2022-04-083-K01). In light of the study’s retrospective nature, the requirement for informed consent was waived by the ethical committee. To ensure the confidentiality and privacy of the participants, a comprehensive anonymization process was applied to all participant data before their inclusion in the research analysis.




Subjects

Between 2021 and 2023, data from 400 patients with uRPL were collected for the RPL group. These cases were defined as experiencing the consecutive spontaneous loss of two or more clinically recognized pregnancies before the 24th week of gestation, based on the criteria from the European Society of Human Reproduction and Embryology (ESHRE) and the American Society for Reproductive Medicine (ASRM) (24, 25). This definition excludes ectopic, molar, and biochemical pregnancies. Autoimmune, anatomic, genetic, endocrine, infectious, and male factors were excluded upon initial assessment. For the control group, 400 women seeking to enhance their chances of conception were selected. These control subjects had undergone various assessments at our center, including evaluations of ovarian reserve and ER, and had subsequently achieved a full-term pregnancy without previous pregnancy loss.

Criteria for inclusion of both groups encompassed an age range of 20 to 40 years, regular menstrual cycles of 27 to 35 days, and normal ovarian reserve. Participants were also required to have normal ovarian and uterine ultrasonography, absent of cysts, fibroids, polyps, or significant structural anomalies, and a history free from major gynecological surgeries, except minor procedures like curettage, diagnostic laparoscopy, and hysteroscopy. Women with a history of heavy drinking, systemic diseases affecting hemodynamic indexes, or recent use of steroid hormones, antibiotics, or other medications influencing pregnancy outcomes, were excluded from both groups.

Following rigorous selection processes, 346 RPL patients and 369 control individuals were enrolled in this study. To ensure the robustness and validity of our model, the subjects were randomly assigned to a training cohort of 500 individuals (242 RPL, 258 controls) and a validation cohort of 215 individuals (104 RPL, 111 controls) in a 7:3 ratio. Comprehensive clinical data collected during the initial consultation included age, body mass index (BMI), history of previous miscarriages, and ovarian reserve indicators such as follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol (E2), antral follicular count (AFC), and antimüllerian hormone (AMH) levels.





Transvaginal ultrasound for ER

During the window of implantation (WOI), typically 7-9 days following ovulation (days 21–23 of the cycle), uniform transvaginal ultrasound scanning was performed on all subjects using the Resona R9T system (Shenzhen Mindray Corporation, Shenzhen, China). The standard measurements included endometrial thickness (EMT), as well as the analysis of blood flow dynamics within the uterine arteries (UA) and the spiral arteries (SA). This analysis incorporated the calculation of the mean pulsatility index (PI) and resistance index (RI) for the bilateral UAs and SAs. Additionally, SWE and three-dimensional (3D) imaging modes were routinely employed as part of the ER assessment. Following the manual delineation of the endometrial outline, the system autonomously calculated various parameters including the Young’s modulus value of the endometrium and volumetric data. This data encompassed the endometrial volume, along with the vascularization index (VI), flow index (FI), and vascularization flow index (VFI). The VI was defined as the proportion of power Doppler information, the FI reflected the power Doppler signal’s intensity, and the VFI integrated both these measurements (26). To enhance the reliability of these assessments, each examination was repeated twice and the average values were recorded.





Endometrial segmentation process

Endometrial segmentation was performed on offline Duplex SWE images, which depicted the endometrium in a longitudinal section. These images featured a dual representation of GS and SWE color scales, reflecting tissue stiffness variations from lower (deep blue) to higher (red) levels. As outlined in Figure 1, the workflow involved sequential stages of image segmentation, radiomic analysis, and the training of ML models. Segmentation was executed using the 3D Slicer software (version 5.6.1), focusing on the precise delineation of the entire endometrium as the region of interest (ROI). Two expert sonographers, unaware of the study’s objectives, meticulously marked these ROIs to ensure observer consistency. ROIs on the right side of the SWE images were aligned with the endometrial contours, while corresponding ROIs were identified on the left-side GS images.

[image: Flowchart illustrating a process with three sections: Image Segmentation, Radiomic Analysis, and Model Training. Image Segmentation shows SWE images of endometrium with GS and color scales for tissue stiffness, emphasizing ROI alignment. Radiomic Analysis features ROI attribute processing with six filters, including shape and texture steps. Model Training details the use of multiple classifiers like Logit, SVM, RF, KNN, and XGBoost with cross-validation and hyperparameter tuning.]
Figure 1 | Multimodal radiomics-based ML workflow for ER assessment. The depicted workflow begins with endometrial segmentation through Duplex SWE imaging. It advances to comprehensive radiomic analysis and concludes with the refinement and optimization of multiple ML classifiers for precise assessment.





Radiomic feature extraction

Subsequent to the delineation of ROIs, the Pyradiomics toolkit was employed for extracting radiomic features from the segmented images. This step transformed segmented medical images into a highly structured dataset with multidimensional attributes, crucial for the quantification and characterization of ER. A total of 1316 unique features were extracted from each segmented image, comprising 12 shape-related, 18 first-order statistical, and 75 textural features from the initial images. The textural features were further categorized based on their originating matrix, including gray-level co-occurrence, gray-level dependence, gray-level run length, gray-level size zone, and neighboring gray tone difference. In addition, six preprocessing filters (Exponential, Gradient, Logarithm, Square, Square-root, and Wavelet) were applied to the initial images, generating an additional 1209 filtered features. All extracted features were systematically cataloged in an Excel file for the subsequent feature selection process.





Radiomic and clinical data preprocessing

In preparation for the predictive model development, a critical data preprocessing step, encompassing both extracted radiomic features and clinical data, was undertaken to normalize the comprehensive dataset, thereby ensuring the integrity and objectivity of the subsequent analysis. Continuous variables were normalized using the Z-score method, aligning them to a standard scale with a mean of zero and a standard deviation of one. Meanwhile, categorical variables underwent binary transformation, being encoded as ‘0’ and ‘1’. In defining clinical outcomes, patients with RPL were coded as ‘1’, distinguishing them from control subjects, who were coded as ‘0’.





Radiomic feature selection

For the radiomic features extracted from each segmented image, a structured multi-step process was utilized to select features associated with RPL. This process initiated with the assessment of interobserver agreement, quantified using the intraclass correlation coefficient (ICC) with a threshold of 0.8 to ensure observer concordance. Subsequent statistical analyses began with the Wilcoxon rank sum (WRS) test, identifying RPL-related features based on a false discovery rate-adjusted P-value under 0.1. Further refinement employed the minimum redundancy maximum relevance (mRMR) method, isolating the top 20 features with high relevance and minimal redundancy to RPL. The final selection phase applied least absolute shrinkage and selection operator (LASSO) logistic regression, focusing on isolating the most predictive features for RPL.





Training of ML models

The entire model training process, from algorithm selection to hyperparameter tuning, was executed using the Scikit-Learn library in Python. Five supervised ML classifiers were deployed for RPL risk stratification. These classifiers included logistic regression (Logit), support vector machines (SVM), random forests (RF), k-nearest neighbors (KNN), and extreme gradient boosting (XGBoost). Hyperparameter optimization was conducted using a grid search algorithm, detailed in Supplementary Table S1, to mitigate overfitting and enhance model robustness. For data partitioning, a 10-fold cross-validation method was adopted. This involved sequentially segmenting the dataset into ten subsets, using each in turn as an inner validation set while the remaining subsets constituted the training set.





Internal and external validations of ML models

For each participant in the training cohort, three distinct sets of ML models were developed based on radiomic data, clinical data, and a combined dataset of both. These models underwent a thorough internal validation process to assess their discriminative accuracy, calibration, and clinical applicability. The selection of the most effective model was informed by its excellence in discrimination, robust calibration, and relevance in a clinical setting. External validation of the optimal model was conducted using the testing cohort, also focusing on assessing the model’s discrimination, calibration, and clinical utility, thereby ensuring its clinical applicability. To comprehensively quantify the model’s utility in practical scenarios, key performance metrics, including accuracy, precision, recall, and F1 score, were analyzed within the testing cohort.





Interpretability of the optimal ML model

In order to demystify the inherent opacity of ML models, we employed the Shapley Additive Explanations (SHAP) approach. This technique quantifies and ranks the influence of each variable on the model’s predictions, offering a clear depiction of their relative importance (27). By arranging features in descending order based on SHAP values, the key predictive factors within the model are highlighted. To further assess potential collinearity among the most influential variables, we generated a heatmap of the correlation matrix for these top predictors. This visualization helps identify any redundancy or high collinearity that could affect the model’s quality.





Statistical analysis

A tailored approach to statistical analysis was employed to discern differences between training and testing cohorts. Continuous data, depending on their distribution, were subjected either to the independent-sample t-test (for normally distributed data) or the Mann–Whitney U test (for non-normally distributed data). Model performance was evaluated through receiver operating characteristic (ROC) curve analysis, with the area under the curve (AUC) assessing discrimination capability. AUC values were compared using Delong’s test. The goodness of fit for each model was assessed using calibration curve analysis and the Brier Score. To determine the clinical applicability, decision curve analysis (DCA) was implemented for evaluating net benefits at varied threshold probabilities. All analyses were performed using Python (version 3.12.0), considering a p-value below 0.05 as statistically significant.






Results




Cohort characteristics

Figure 2 illustrates the workflow for participant selection and the subsequent development phases of the ML model in this study. A total of 715 participants were enrolled, comprising 346 individuals with RPL and 369 controls. Within the RPL sufferers, recurrent miscarriage occurrences were 58.3% for two, 30.6% for three, and 10.9% for four or more. These participants were randomly assigned to training and testing cohorts for model development and validation. Table 1 reveals uniform demographic and clinical features across both cohorts, with no significant disparities in baseline characteristics (all P-values > 0.05), ensuring a balanced evaluative basis.

[image: Flowchart of a study design showing RPL group and Control group, each with 400 participants. Inclusion criteria: ages twenty to forty, menstrual cycle twenty-seven to thirty-five days, normal ovarian reserve and ultrasound, no major gynecological surgeries. Exclusion criteria include heavy drinking, systemic diseases, and recent use of specific medications. Enrolled participants total 715. Training cohort: 500 participants; ML model training follows. Optimal model is formed and tested with a cohort of 215 participants.]
Figure 2 | Workflow illustrating participant selection and cohort distribution for ML model development in RPL risk assessment.

Table 1 | Comparative analysis of demographic and clinical parameters between training and testing cohorts.


[image: A table comparing training and testing cohorts on various indicators. Each column lists values for indicators like age, BMI, hormone levels, and other medical measurements. The table includes means, standard deviations, t/z values, and p-values, showing no significant differences between cohorts.]




Radiomic features extraction and selection

In the training cohort of this study, the delineation of endometrial ROIs in GS and SWE modalities was conducted on duplex transvaginal ultrasound images for each participant. This process led to the extraction of a comprehensive set of 2626 radiomic features, with an equal distribution across both GS and SWE images. Subsequent standardization procedures resulted in the identification of 1145 GS-derived features and 1202 SWE-derived features, each demonstrating an ICC equal to or above 0.8, thereby qualifying for further analysis. The WRS test identified 117 GS and 141 SWE features as potential indicators of increased RPL risk. Subsequent refinement via the mRMR algorithm shortlisted the top 20 features from each modality, prioritizing those with maximal relevance to RPL risk and minimal redundancy. The final phase of feature selection involved LASSO logistic regression, which highlighted 4 GS and 5 SWE features with significant RPL risk correlations, each exhibiting non-zero coefficients. The distribution patterns of these selected features are illustrated in Figure 3, along with detailed descriptions and weight information in Supplementary Table S2.

[image: Graphs depict LASSO coefficients distribution with optimal lambda values. (A) shows multiple coefficient lines converging at lambda 0.06. (B) is a bar chart of non-zero coefficients, including GS_wavelet-HLH_glcm_SumAverage. (C) displays coefficient lines converging around lambda 0.04. (D) includes a bar chart with coefficients like SWE_gradient_ngtdm_Strength. Red dashed lines indicate optimal lambda on graphs (A) and (C).]
Figure 3 | LASSO logistic regression analysis of radiomic features. (A, C) display the trajectory of LASSO coefficients for GS and SWE features, respectively, with the optimal lambda value indicated by the vertical red dashed line. (B, D) highlight the selected features with non-zero coefficients at this optimal lambda value, demonstrating their significance in the assessment of RPL risk.





Training and evaluation of ML models

Employing the nine selected radiomic features and standardized clinical data, the efficacy of five distinct ML classifiers was explored. These included Logit, SVM, RF, KNN, and XGBoost. Each classifier underwent a comprehensive optimization process facilitated by 10-fold cross-validation, ensuring hyperparameter refinement for optimal performance. Figure 4 presents a comparative analysis of these models, organized into three sets. The outcomes from models based on radiomic features are shown in sections Figures 4A–C, those based on clinical data in Figures 4D–F, and models utilizing a combination of both in Figures 4G–I. Each section includes ROC curves, calibration plots, and DCA, providing a multifaceted view of each classifier’s predictive capacity in the context of elevated RPL risk.

[image: Nine-panel figure showing performance metrics of machine learning models. Panels A, D, and G display ROC curves for Logit, SVM, RF, KNN, and XGBoost models, with AUC values. Panels B, E, and H show calibration curves plotting mean predicted probability against fraction of positives. Panels C, F, and I present decision curve analysis graphs depicting net benefit against threshold probability for each model. Each panel presents the models in distinct colors for comparison.]
Figure 4 | Comparative performance of ML classifiers for RPL risk assessment. (A–C) evaluate models using clinical data, (D–F) focus on radiomic features, and (G–I) combine both datasets, depicted through ROC curves, calibration plots, and DCA. These visualizations provide insights into the discriminative accuracy, calibration, and clinical utility of the Logit, SVM, RF, KNN, and XGBoost classifiers, with RF and XGBoost showing superior performance, particularly when leveraging the integrated dataset.

The investigation found that models integrating both clinical and radiomic data yielded superior discriminative ability, as reflected in the AUC values. Models combining both types of data exhibited AUCs ranging from 0.737 to 0.871, outperforming those based solely on clinical (0.618 to 0.747) or radiomic features (0.717 to 0.834). Notably, the RF and XGBoost classifiers achieved the highest AUCs of 0.860 and 0.871, respectively. These models also showed impressive calibration, characterized by calibration curves closely approximating the 45-degree line and low Brier Scores (RF: 0.0052, XGBoost: 0.0062), thereby enhancing their predictive reliability. Furthermore, both RF and XGBoost demonstrated significant clinical utility, offering substantial net benefits across a broad threshold probability range (20-100%). Despite their close performance, XGBoost marginally outperformed RF, emerging as the optimal choice for assessing RPL risk.





Validation of the optimal model

The robustness of the XGBoost model for RPL risk stratification was validated using an independent testing cohort composed of RPL and control women, which was not used in the training phase, ensuring an unbiased evaluation of the model’s performance. Analysis involved inputting cohort data into the model, yielding estimations subsequently compared with the actual status of participants. Figure 5 details the validation outcomes, featuring an ROC curve with an AUC of 0.844, indicating substantial predictive accuracy (Figure 5A). The calibration curve reflected close agreement between the predicted probabilities and the observed frequencies, demonstrating model calibration integrity (Figure 5B). DCA revealed significant clinical net benefit for probability thresholds exceeding 10% (Figure 5C). Performance indicators derived from the confusion matrix, including accuracy, precision, recall, and F1 score, were determined to be 0.803, 0.850, 0.704, and 0.770, respectively. These statistics reinforce the XGBoost model as a robust tool for RPL risk evaluation.

[image: Panel A shows an ROC Curve for XGBoost with an AUC of 0.844, indicating sensitivity versus 1-specificity. Panel B presents a Calibration Curve comparing fraction of positives to mean predicted probability for XGBoost versus a reference. Panel C illustrates a Decision Curve Analysis, comparing net benefit across threshold probabilities for treating all, treating none, and using XGBoost.]
Figure 5 | Validation metrics for the XGBoost model in RPL risk stratification. Panel (A) displays the ROC curve with an AUC of 0.844, panel (B) shows the calibration curve illustrating agreement between predicted probabilities and observed frequencies, and panel (C) depicts the DCA indicating the notable net benefits at different threshold probabilities.





Model interpretation

SHAP value analysis enhanced the interpretability of the XGBoost model for RPL risk assessment by quantifying the contribution of each predictor. Mean absolute SHAP values identified four significant radiomic features from endometrial SWE images, two from GS images, and clinical variables such as age, SAPI, and VI as key determinants. As shown in Figure 6A, these features are ranked by their SHAP values, with Figure 6B providing a detailed visualization of their combined effects. The top four indicators, each with a mean impact exceeding 0.5, include two radiomic features from SWE images, one from GS images, and age. Figure 7 presents a heatmap of the correlation matrix for these nine critical features, showing minimal inter-feature correlation, with the highest correlation coefficient being less than 0.2. This indicates low collinearity, confirming that each feature independently contributes to the prediction accuracy for RPL risk.

[image: Two charts display SHAP values for model features. Chart A is a horizontal bar graph showing mean absolute SHAP values, with "Sum of 16 other features" having the largest impact at +2.21. Chart B is a scatter plot illustrating the impact of each feature on the model output, with colors indicating feature values from low (blue) to high (red).]
Figure 6 | SHAP analysis for feature importance in the XGBoost model for RPL risk evaluation. (A) ranks the predictors by mean absolute SHAP values, highlighting the most impactful radiomic features from SWE and GS endometrial imaging, along with key clinical variables. (B) provides a summary plot illustrating the aggregate effect of these predictors on RPL risk, with the color gradient from blue to red denoting increasing feature values. The horizontal placement of data points represents the impact of SHAP values on risk prediction, with rightward and leftward points suggesting higher and lower RPL risk, respectively.

[image: Correlation matrix heatmap displaying relationships between variables such as Age, SAPI, VI, and various wavelet features. The color gradient ranges from blue (negative correlation) to red (positive correlation), with intensity indicating the strength of the correlation. Diagonal values show perfect correlations of 1.]
Figure 7 | Heatmap of the correlation matrix for the nine critical features identified by SHAP analysis. The heatmap demonstrates minimal inter-feature correlation, with the highest correlation coefficient being less than 0.2. This indicates low collinearity among the features, suggesting that each feature independently contributes to the prediction accuracy of RPL risk.






Discussion

In the specialized field of RPL, this study innovates by incorporating ML techniques to interpret complex radiomic data from transvaginal ultrasound. Focused on enhancing ER assessment for RPL risk stratification, it integrates quantitative radiomic features from both GS and SWE images of the endometrium. Crucial to this approach is the finding that the XGBoost model excels as the most effective tool. This model, relying on a selected group of 4 GS and 5 SWE features, along with key clinical parameters including age, SAPI, and VI, effectively identifies distinct ER patterns. The robustness of the XGBoost model is consistently demonstrated across both training and validation cohorts, affirming its reliability and accuracy. This method offers a non-invasive, reproducible way to differentiate RPL patients from healthy individuals, potentially guiding more targeted and effective treatments.

Accurate ER evaluation is crucial for identifying RPL risk. There is a clear connection between RPL and the disrupted process of decidualization, where endometrial stromal cells transform into decidual cells (28). This key transformation concludes the implantation window and enables the endometrium to identify, react to, and remove non-viable embryos (29). Impairments in this functional aspect of decidualization increase the likelihood associated with delayed implantation, insufficient embryo quality control, and early placental dysfunction (30). Moreover, enhancing ER through personalized treatments highlights the need for optimal ER state assessment (31). Such assessments are crucial not only for identifying women at risk of RPL but also for improving their endometrial conditions, thus potentially boosting their pregnancy success rates.

The utilization of radiomics, characterized by a range of mathematically extracted parameters, has attracted considerable attention due to its potential in delineating heterogeneity within specific regions (32). In reproductive medicine, these parameters are promising for advancing clinical diagnostics and prognostication, providing a non-invasive method to detect subtle microstructural details, which surpasses the capabilities of conventional ultrasonography (33). The introduction of radiomics in identifying features associated with RPL represents a significant advancement toward innovative therapeutic interventions and preventive strategies. By facilitating detailed assessment of ER, radiomics enables clinicians to customize interventions to enhance the uterine environment for pregnancy. In this context, the study conducted by Huang et al. (21) represents a pioneering exploration, identifying unique radiomic characteristics associated with uRPL and showing advantages over traditional ER indicators. However, these findings await further validation in test cohorts for the assessment of their predictive robustness and stability.

Our study extends previous research by extracting radiomic features from both GS and SWE ultrasound imaging of the endometrium, thereby broadening the scope of endometrial condition evaluation. The extraction of approximately 2600 radiomic features from both GS and SWE endometrial segmentation in each subject, and the subsequent analysis of over one million data points in the training cohort of 500 participants, underscores the complexity and high-dimensional nature of this dataset. Such intricacy and the interplay of multiple factors render traditional linear predictive models inadequate, necessitating the application of ML algorithms (34). After a series of optimizations and comparative evaluations, it was observed that models combining both radiomic and clinical indicators outperformed those based solely on either type of data. Among the various ML models, the XGBoost algorithm emerged as the most effective in stratifying RPL risk, demonstrating high and consistent predictive performance in the testing cohort. This underlines the ability of the XGBoost model to proficiently manage large datasets and its robustness against overfitting, efficiently handling non-linearities and interactions between features, making it particularly suitable for complex datasets (29).

Employing SHAP for feature significance evaluation and a heatmap to assess collinearity, this investigation quantified individual feature impacts on model predictions, thereby enhancing model interpretability (35). The integration of SHAP with the XGBoost model rendered a transparent illustration of the paramount impact of nine critical variables, highlighting four SWE and two GS radiomic indices. This suggests a greater relevance of SWE attributes, which represent endometrial stiffness, in RPL compared to GS indicators, yet the Young’s modulus value, indicative of mean endometrial elasticity, did not emerge as a highly correlated variable with RPL. The identified SWE and GS radiomic features predominantly encompassed first-order and textural characteristics, reflective of image heterogeneity and high-intensity regions. These features, challenging to identify through traditional visual analysis, necessitated the application of multiple filters for quantifying the uniformity, variability, and anomalies within endometrial imagery, thereby establishing their correlation with RPL.

Meanwhile, SHAP analysis revealed the non-negligible contributions of age, SAPI, and VI to the stratification of RPL risk. These clinical parameters, not derivable from ultrasonic radiomics, have demonstrated associations with RPL in previous reports (36–38). It is acknowledged that RPL women often exhibit an extended WOI, leading to diminished endometrial perfusion during the implantation window, typically observed 7-9 days post-ovulation (39). This impaired perfusion, characterized by heightened vascular resistance and suboptimal blood flow distribution (34), was evident in our findings through increased SAPI and lower VI compared to controls. Additionally, it is important to note that with advancing age, a more pronounced increase in the likelihood of these aberrations is observed (40). Hence, the integration of clinical variables remains crucial for a comprehensive and accurate prediction. Despite the complexity in interpreting the linkage between radiomic features and RPL, the potential of radiomics in predictive analysis is evident. These features could facilitate more precise and extensive assessments of ER, potentially filling existing gaps in the understanding of the etiology of uRPL. By extracting detailed information about the endometrium, radiomics could enrich our comprehension of ER, thereby aiding in refining diagnostic and therapeutic strategies for RPL. This includes leveraging the model’s predictive capabilities to guide clinical interventions, such as adjusting hormonal therapy and optimizing the timing of embryo transfer, based on the identified ER states, ultimately improving pregnancy success rates.

In the preliminary investigation of integrating radiomics and ML with multimodal transvaginal ultrasound for stratifying RPL, the findings are promising but constrained by several factors. The single-center design and limited cohort size may not reflect the broader population accurately. Additionally, variability in GS and SWE settings across institutions could impact the reproducibility and effectiveness of the proposed models. The retrospective nature of the study limited it to recording the number of miscarriages at the initial visit, thus not exploring the correlation between miscarriage frequency and RPL risk, and precluded the prediction of subsequent pregnancy success rates in RPL patients. Although the inclusion and exclusion criteria effectively screened out many conditions that play a crucial role in implantation, such as polycystic ovary syndrome and endometriosis, the study design also limited the use of more advanced and precise detection techniques, potentially leaving some cases undetected.

Considering the potential for intervention and modification of endometrial receptivity (ER), irrespective of RPL status, future research should focus on larger, multicenter prospective studies. These studies are necessary not only to validate and refine the ML models but also to improve the prediction of successful ER regulation by incorporating more advanced detection techniques, such as the assessment of immunological interactions between the embryo and the endometrium. This approach will lead to better outcomes for RPL patients.

In conclusion, this research demonstrates the effectiveness of the XGBoost model in accurately identifying RPL patients. Utilizing GS and SWE radiomic features derived from duplex ultrasonography of endometrium, coupled with clinical factors such as age, SAPI, and VI, robust results were observed in both training and validation cohorts. This integration of radiomics-based ML represents a significant advancement in precision medicine, offering a more refined approach to RPL risk stratification. Such enhanced accuracy and predictive capacity of the model show promise in facilitating more individualized management of RPL.
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Introduction

Endometriosis is delineated as a benign yet steroid-dependent disorder characterized by the ectopic presence of endometrial glandular and stromal cells outside the uterine cavity, affecting estimated 10%–15% of women of reproductive age, 20%–50% of all women with infertility and costing a great economic burden per-patient. Endometriosis exerts pervasive influence on multiple facets of female reproductive physiology. Given its characterization as a chronic inflammatory disorder, escalated levels of pro-inflammatory cytokines were unequivocally recognized as well-established characteristics of endometriosis, which might attribute to mechanisms like retrograde menstruation, progesterone receptor resistance, and immune dysregulation. Therapeutic utilization of non-steroidal anti-inflammatory drugs (NSAIDs) like aspirin, analgesic agent for reducing pain, inflammation, and fever, could be holding promise in augmenting reproductive outcomes of endometriosis women. Therefore, the objective of this comprehensive review is to elucidate the intricate interplay between endometriosis and aspirin, both within the context of infertility and beyond. We meticulously explore potential pharmacological agents targeting endometriosis, which may concurrently optimize the efficacy of reproductive interventions, while also delving into the underlying mechanistic pathways linking endometriosis with inflammatory processes.





Methods

We conducted a comprehensive search in the data available in PubMed and the Web of Science using the terms ‘endometriosis’ and ‘aspirin’. Then analyzed the identified articles based on established inclusion and exclusion criteria independently by three reviewers.





Results

The survey of the chosen terms revealed 72 articles, only 10 of which were considered for review.





Discussion

Based on the research available currently, it is not substantial enough to address the conclusion that aspirin shall be an effective therapeutic choice for endometriosis, further studies are needed to elucidate the efficacy, safety profile, and optimal dosing regimens of aspirin in the context of endometriosis treatment.
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Introduction

Endometriosis is widely recognized as a profound clinical challenge for women of reproductive age, profoundly compromising reproductive function across its entirety. Characterized by the aberrant presence of endometrial tissue beyond the confines of the uterine cavity, this condition afflicts approximately 10%-15% of reproductive-aged women and is identified in up to 50% of women facing infertility issues (1, 2). The typical clinical presentations of endometriosis include infertility, persistent pelvic pain, and escalating dysmenorrhea (3). The American Society for Reproductive Medicine initially formulated and subsequently revised its diagnostic criteria in 1997, categorizing endometriosis into three distinct subtypes: ovarian endometriomas (OMA), deep infiltration endometriosis (DIE), and superficial peritoneal lesions (SUP). Notably, the ectopic proliferation of endometrial tissue within the ovaries, either unilaterally or bilaterally, culminating in the formation of cystic masses referred to as OMA, predominantly impairs women’s reproductive capabilities by disrupting oocyte formation and maturation (4).

The etiological underpinnings of endometriosis remain elusive, although several theoretical frameworks have been posited to elucidate its pathogenesis (5). Foremost among these is the retrograde menstruation theory originally postulated by Sampson, which currently stands as the prevailing hypothesis in the field. The Sampson’s theory states that viable endometrial tissue refluxes into the peritoneal cavity through the fallopian tubes and subsequently implants into the peritoneal tissue and/or pelvic organs (6). Unfortunately, this theory fails to explain the fact that 80% to 90% of women had experienced retrograde menstruation but only 10% to 15% of women had endometriosis. Complementary theories include the epithelial–mesenchymal transition, hormonal dysregulation, immune system aberrations, and genetic predispositions are therefore posited as potential contributory factors to the onset and progression of endometriosis (7–10). Furthermore, an expanding body of literature underscores the increasingly recognized role of inflammation as a central contributor to the pathogenesis and persistence of endometriosis (11).

Treatment of endometriosis is aimed at suppressing lesion growth, alleviating pain, and ideally addressing the systemic effects of the disease. Surgical and pharmacological interventions are now two prevailing therapeutic strategies employed in the management of endometriosis. Surgical interventions, such as lesion ablation or excision, can offer temporary relief from symptoms, they shall also entail potential risks, notably the compromise of ovarian reserve, particularly due to thermal and electric injuries during ovarian cystectomy in cases with OMAs. For the majority of endometriosis patients, pharmacological treatments like progestogens or combined oral contraceptive pills (COCs) are commonly recommended (12). However, their effectiveness can sometimes be hindered by the inherent progesterone resistance observed in endometriotic lesions (13, 14). In addressing this therapeutic challenge, the use of gonadotropin-releasing hormone (GnRH) analogues, including both GnRH agonists and GnRH antagonists, has been advocated. Every medal has its reverse, the subsequent hypoestrogenic states can lead to discomforts such as vasomotor symptoms and decreased bone mineral density. Consequently, the use of “add-back therapy” of estrogen becomes necessary, which in essence exacerbates severity of endometriosis. In terms of relieving endometriosis-related pain, the concurrent use of analgesic agents, specifically NSAIDs, in conjunction with COCs or progestogens is supported by European Society of Human Reproduction and Embryology and the Royal College of Obstetricians and Gynecologists, and is recommended as the cornerstone pharmacotherapeutic approach for addressing indeterminate endometriosis-related pain.

Aspirin, as one of the three classic drugs in the history of medicine, chemically known as acetylsalicylic acid, possesses the capability to inhibit cyclooxygenase enzymes (COX-1 and COX-2), which are responsible for the conversion of arachidonic acid to prostaglandins, thereby reducing pain, inflammation, and fever. With an annual global consumption approximating 40,000 tons, aspirin represents a time-honored and frequently prescribed analgesic agent employed for pain management and inflammation attenuation (15). The use of aspirin for pain relief traces its roots back to ancient civilizations, with Chinese healers and Egyptians utilizing natural sources of salicylates for analgesic purposes. However, it wasn’t until the early 20th century, around 1900, that water-soluble aspirin tablets were first made available, marking a significant milestone in the discovery and development of this widely used medication (16). Since its inception, aspirin has evolved to become one of the most commonly prescribed analgesic and anti-inflammatory agents worldwide. Its versatile applications extend across various medical specialties, permeating virtually every department of medicine (17). From cardiology to oncology, and from rheumatology to gynecology, aspirin’s multifaceted pharmacological properties have established its indispensable role in contemporary medical practice.

Immunohistochemical investigations demonstrated that cyclooxygenase is expressed in various reproductive tissues, including the endometrial epithelium and fallopian tube secretory epithelial cells, although not in ciliated epithelial cells, cervical epithelium, and myometrial cells (18). As a pivotal enzyme regulating prostaglandin synthesis, COX-2 enhances invasiveness and promotes angiogenesis. Meanwhile, in ectopic endometrium of individuals with endometriosis, COX-2 expression is markedly upregulated, therefore facilitating the adhesion and invasiveness of endometrial cells (19–21).

The objective of this systematic review is to rigorously evaluate the current scientific literature regarding the potential association between aspirin and endometriosis, with an emphasis on inflammatory mechanisms. This includes an in-depth and critical analysis of both in vivo and in vitro experimental studies, and a comprehensive examination of clinical trial findings. The overarching objective is to elucidate potential therapeutic interventions that may hold promise for future clinical applications in the field of obstetrics and gynecology for the management of endometriosis.





Methods

We searched the data available in PubMed and the Web of Science. The terms investigated include ‘endometriosis’ and ‘aspirin’. Three reviewers analyzed the data in an independent manner and only studies having at least one of the following characteristics were considered: observational or experimental, analytical or descriptive studies of the association between aspirin and endometriosis. Review and opinion studies were excluded as well as non-English manuscripts.





Results

The survey of the chosen terms revealed 72 articles, only 10 of which were considered for review by satisfying the established inclusion criteria and fully analyzed.

In a seminal study by Nasiri N et al., a significant positive correlation was established between the expression levels of nuclear factor-κB (NF-κB) and the proliferative and adhesive capabilities of eutopic endometrial stromal cells. The NF-κB signaling pathway serves as a critical nexus within inflammatory cascades, dysregulation or aberrant activation of which has been implicated in the pathophysiology of a wide spectrum of inflammatory and autoimmune conditions, including endometriosis. Intriguingly, this observed relationship was found to be modifiable through interventions with aloe-emodin or aspirin (22). Contrarily, Massimi I et al. conducted an investigation revealing upregulated expression of multidrug resistance-associated protein 4(MRP4) mRNA and MRP4 protein in a peroxisome proliferator-activated receptor-alpha (PPAR-α) dependent manner (23).

In a comprehensive investigation conducted by Saad-Hossne R et al., the therapeutic efficacy of intralesional aspirin administration in mitigating endometriosis was rigorously assessed utilizing an established rabbit model of peritoneal endometriosis. Histological evaluations post-treatment revealed notable alterations within the endometriotic lesions, characterized by pronounced necrosis, hemorrhage, apoptosis, and fibrotic changes. Intriguingly, a substantial reduction in endometrial tissue foci, and in certain instances, complete eradication of endometrial tissue, was evident compared to the saline control cohort (24), Notably, these observations are congruent with earlier investigations by Siqueira JM et al (25). In an insightful study conducted by Efstathiou JA et al., utilizing a murine model, the differential impacts of various NSAIDs on the initiation and progression of endometriotic lesions were systematically evaluated. Comparative analysis revealed that among the NSAIDs investigated, celecoxib exerted the most pronounced reduction in lesion burden, followed by indomethacin, naproxen, sulindac, rofecoxib, and ibuprofen, respectively. Contrastingly, aspirin did not elicit any statistically significant impact on lesion burden compared to the control group (26) (Table 1).

Table 1 | Previous in vitro and in vivo studies regarding endometriosis with aspirin.
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In a meticulously designed double-blind, placebo-controlled clinical trial orchestrated by Ylikorkala O et al., a cohort of 18 patients afflicted with pelvic endometriosis was subjected to therapeutic regimens involving aspirin (acetylsalicylic acid), indomethacin, and tolfenamic acid. Surprisingly, the study outcomes diverged from anticipated results, revealing no substantial alleviation in endometriotic symptoms subsequent to NSAID administration, when compared to placebo treatments (27). Subsequently, in a similarly designed clinical trial by Kauppila A et al. in 1997, the impact of prostaglandin biosynthesis inhibitors, including aspirin, indomethacin, and tolfenamic acid, on endometriosis-associated symptoms was systematically assessed. Notably, the findings unveiled that tolfenamic acid exhibited heightened efficacy in mitigating endometriotic symptoms particularly during the menstrual phase. Conversely, both indomethacin and aspirin did not manifest any notable disparity in symptom relief compared to the placebo control group (28). In a pioneering pilot study published by Flannagan KS et al. in 2019, compelling evidence was presented for the first time suggesting that short-term therapy with aspirin and pravastatin, an HMG-CoA reductase inhibitor employed for lipid level reduction, could effectively attenuate high-sensitivity C-reactive protein levels. Furthermore, the combination of these pharmacological agents demonstrated promising potential in enhancing the outcomes of infertility treatments (29). Concurrently, Moon HS et al. conducted an exploratory pilot study to assess the effects of oral administration of piroxicam, at a dosage of 10 mg administered 1 to 3 hours prior to embryo transplant, on the in vitro fertilization-embryo transfer (IVF-ET) and frozen embryo transfer (FET) outcomes in patients presenting with endometriosis, tubal, and male infertility factors. Intriguingly, their findings elucidated that the piroxicam treatment group exhibited significantly elevated implantation and pregnancy rates compared to the control group. Specifically, the implantation and pregnancy rates were approximately doubled in patients with endometriosis factors following piroxicam treatment, as compared to the control (P<0.05) (30). In contrast, a study by Kumbasar S et al. presented divergent results. Their investigation encompassed 255 patients with primary or secondary infertility attributed to endometriosis, tubal, or male factors. The administration of either piroxicam (10 mg orally) or indomethacin (100 mg rectal suppository) prior to ET was assessed for its impact on implantation rates, miscarriage rates, and clinical pregnancy rates in patients undergoing IVF. Surprisingly, their data revealed that neither piroxicam nor indomethacin conferred any additional benefit in terms of implantation rates (P = 0.842), miscarriage rates (P = 0.964), or clinical pregnancy rates (P = 0.887) compared to the control group (31) (Table 2).

Table 2 | Previous clinical trials of endometriosis with aspirin.
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Discussion

With evolving theories attempting to elucidate its origins, the precise etiology of endometriosis remains elusive. Though Sampson’s theory positing that menstrual debris flows backward through the fallopian tubes, implanting and proliferating within the pelvic cavity holds sway and remains prevalent in contemporary discourse, the paradigm of inflammation has emerged as a pivotal determinant in the pathophysiology of endometriosis, and its role in the context of endometriosis has attracted significant attention and empirical validation. Inflammatory processes are now increasingly recognized as central to the initiation, progression, and perpetuation of endometriotic lesions. -

Endometriosis is increasingly acknowledged not merely as a pelvic disorder but as a systemic condition (11, 32) with a dysregulated immune system and a proinflammatory environment (33). Neutrophils, pivotal granulocytes renowned for their role in combating bacterial invasions and preserving tissue integrity, have been implicated in the pathogenesis of endometriosis. This association is substantiated by strong evidence demonstrating heightened chemotactic activity in neutrophils derived from women with endometriosis compared to their counterparts in healthy control individuals. Concurrently, macrophages, serving as the vanguard of our primary immune defense, display increased activation of the proinflammatory transcription factor NF-κB and have been identified increased in the peritoneal fluid of women with endometriosis (34). However, while an elevation in macrophage numbers has been observed in the peritoneal fluid of women with endometriosis, these cells exhibit compromised phagocytic capabilities, culminating in inhibiting apoptosis and fostering proliferation of endometrial stromal cells, consistently, co-culture experiments have elucidated that macrophages can augment the proliferation and invasive potential of endometrial stromal cells (35, 36). Notably, estradiol, necessary for endometriosis development, has been identified as a crucial mediator of macrophage function in the context of endometriosis (35). Regulatory T cells (Tregs), a pivotal subset of T cells essential for modulating immune responses and sustaining maternal-fetal tolerance, elevated presence of which was detected in ectopic endometrial tissues and peritoneal fluid of endometriosis patients, suggesting that Tregs within the local microenvironment may contribute to the expansion and progression of endometriotic lesions (37, 38) (Figure 1).

[image: Diagram illustrating the effects of endometriosis. It shows altered immune cell composition with neutrophils, macrophages, T cells, and NK cells. Increased inflammatory cytokines, including TNF-alpha, IL-6, IL-1beta, and CCL5, are present in the peritoneal cavity. Inflammatory cytokines in follicular fluid are linked to a decreased implantation rate.]
Figure 1 | The relationship between immune cells and inflammation in endometriosis. this figure illustrates that neutrophils, macrophages, T cells and NK cells are all contributing to the pro-inflammatory environment both systematically and pelvically by secrecting TNF-alhpa, IL-6, IL-6beta as well as CCL5. Pro-inflammatory environment not only promotes the progression of endometriosis but also affects follicular fluid microenvironment and endometrial receptivity which might result in an unfavorable implantation. Created with BioRender.com.

The complex interplay of inflammatory mediators, cytokines, and immune cells orchestrates a pro-inflammatory microenvironment that fosters the adhesion, invasion, and survival of ectopic endometrial tissue outside the uterine cavity. Elevated levels of pro-inflammatory cytokines, such as interleukin-6 (IL-6), interleukin-1beta (IL-1β), tumor necrosis factor-alpha (TNF-α), and prostaglandin E2 (PGE2) have been consistently identified in women diagnosed with endometriosis (39, 40). PGE2 plays a crucial role in reproductive functions such as ovulation, implantation, parturition, and lactation. Elevated levels of prostaglandins can disrupt peritoneal function, leading to pain and interfering with essential processes like oocyte maturation, ovulation, and fertilization (41). These cytokines play pivotal roles in modulating inflammatory responses, immune cell activation, and tissue remodeling, thereby contributing to the pathophysiology of the disease. Additionally, the CCL5, also referred to as regulated upon activation normal T-cell expressed and secreted (RANTES), has been observed to be markedly increased in both endometrial tissues and follicular fluid of women with endometriosis. CCL5/RANTES functions as a chemoattractant for immune cells and has been implicated in the recruitment and activation of inflammatory cells at the ectopic endometrial sites, further perpetuating the inflammatory milieu characteristic of endometriosis (42–44). The gene encoding CCL5 receptor, known as CCR5, has already been proposed as a potential candidate gene for diagnosing endometriosis (45).

Abnormal high levels of COX-2 isoform and prostaglandins are presented in women suffering from endometriosis (46). Aspirin, however, targeting at cyclooxygenases therefore restricting the production of prostaglandins, has been testified in quite numbers of research to be effective in reducing endometrial lesion size and overall disease burden. Paradoxically, MRP4 expression, elevated of which may result in increased extracellular PGE2, has been found to be triggered in a PPAR-α dependent manner in endometrial cells treated with aspirin (23).

As it is the most commonly prescribed NSAID, aspirin ranks the highest among other NSAIDs in term of annual cost, for instance, Ibuprofen costs £0.86 for 24 tablets of 400 mg, leading to an annual expense of £40.05 (47). Low dose of aspirin, irreversibly targeting platelet cyclooxygenase, leading to decreased production of thromboxane A2, a potent platelet aggregator, is generally used to treat ischemic cardiomyopathy, atrial fibrillation, artificial heart valves, and arteriovenous fistulas in order to reduce the risk of cardiovascular events such as myocardial infarction and stroke. It also has carved out a notable niche in the realm of obstetrics and gynecology, particularly in the prevention of preeclampsia—a serious complication of pregnancy characterized by high blood pressure that might cause multiple organ damage and lead to both fetal and maternal mortality. Patients identified as being at high risk for developing preeclampsia are often prescribed oral low-dose aspirin, typically 50 to 100 mg daily, as a prophylactic measure to mitigate the risk and improve maternal and fetal outcomes (48, 49). Low-dose aspirin plays a pivotal role in the management of antiphospholipid antibody-associated recurrent spontaneous abortion, too (50), basing on antiplatelet properties of aspirin which is believed to help improve blood flow to the placenta and reduce the risk of miscarriage. In addition, aspirin also shows promise in improving the outcomes of IVF/ICSI procedures in women with endometriosis-associated infertility, as testified in previous clinical studies (30).

Over the past 15 years, research has documented the systemic effects of endometriosis. Women diagnosed with endometriosis are increasingly recognized as being predisposed to a higher risk of developing cardiovascular complications like stroke and coronary artery disease (51–53). The underlying pathophysiological mechanisms linking endometriosis to these cardiovascular conditions remain an area of active research but may involve chronic inflammation (53, 54). In addition to cardiovascular implications, endometriosis exerts a notable influence on metabolic processes, particularly within the liver and adipose tissue. This metabolic dysregulation can lead to alterations in body composition and energy metabolism. As a consequence, women with endometriosis often present with a lower body mass index (BMI) compared to individuals without (32, 55). Pain is the most debilitating and common symptom of endometriosis. Women diagnosed with endometriosis often experience cyclic and aggressing pelvic pain, typically during menstruation. Apart from acute pain during menstruation, women may also experience chronic pelvic pain, painful sexual intercourse, and pain associated with bowel and bladder functions. For many women, pain is persistent or chronic. ˄Due to its rapid analgesic effects and lack of suppression on ovarian function, in comparison to hormonal treatment, aspirin demonstrates its own superiority, which may provide an alternative treating strategy.

However, as an antiplatelet drug, long-term use of aspirin could increase the risk of gastrointestinal or other major extracranial bleeds, too. This potential risk presents a limitation for the use of aspirin in the treatment of endometriosis. The current guidelines for occlusive vascular disease still largely recommended that in primary prevention, aspirin be used widely in patients at moderately raised of coronary heart disease, despite the possible bleeding risk (56). The management of bleeding disorders related to long-term use of aspirin involves a combination of strategies aimed at reducing bleeding risk (for example, prescribing the lowest effective dose of aspirin, using combination therapy with PPIs, etc.), monitoring for complications regularly (like a routinely endoscopy, regular follow-up of CBC, etc.), and treating any bleeding events that occur effectively.

Nevertheless, due to the lack of clinical data on long-term use of aspirin in endometriosis patients, the evidence for the effectiveness of NSAIDs in treating endometriosis was weak and contradictory, partly because of the vagueness regarding the exact analgesic used by individuals, for its handy accessibility (47). While there is ongoing research exploring the potential benefits of aspirin in managing endometriosis, its widespread adoption as a therapeutic agent for this condition has yet to be realized. Subsequently, in endometriosis patients, the long-term use of aspirin as primary prevention or therapeutic strategy should be evaluated, for example, assessing the risk of bleeding propensity relative to its preventive or therapeutic benefits. And more dedicated studies focusing on efficacy and safety of long-term use of aspirin in endometriosis patients are urgently needed. There are quite small number of research on the association between aspirin and endometriosis, so the correlation between aspirin and endometriosis remains elusive. More research is needed to explore the role of aspirin in the development and progression of endometriosis, aiming to identify new treatment targets and alternative medications for patients suffering from it.

The complex interplay of these pathological characteristics underscores the multifaceted nature of endometriosis and highlights the importance of targeting inflammatory pathways and cellular mechanisms in the development of novel therapeutic strategies for this debilitating condition (57). Both in vitro and in vivo studies have suggested that aspirin may exert curative effects on ectopic endometrial lesions by reducing cell infiltration and growth, but it is not substantial enough to state that aspirin shall be an effective therapeutic choice for endometriosis, and its long-term utilization necessitates careful evaluation, vigilant monitoring, and individualized patient management strategies to ensure both safety and therapeutic efficacy in clinical practice.





Future directions

There is still need for further experimental research to elucidate the underlying mechanisms of action, optimal dosing regimens, and potential long-term effects of aspirin in endometriosis management. Moreover, there is also a pressing need for the design and execution of rigorously controlled and well-designed clinical trials to provide robust evidence regarding the efficacy, safety, and potential benefits of aspirin-based interventions in endometriosis patients.





Conclusion

Based on the research available currently, it is not substantial enough to address the conclusion that aspirin shall be an effective therapeutic choice for endometriosis, although aspirin as an anti-inflammation drug targeting the COX enzymes, itself or its derivatives might help prevent/lower the risk of endometriosis development in the near future. Thus, further studies are needed to elucidate the efficacy, safety profile, and optimal dosing regimens of aspirin in the context of endometriosis treatment.
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Introduction

Reproductive endocrine disorders (RED), including polycystic ovary syndrome (PCOS), endometriosis (EMs), and female infertility (FI), significantly affect women’s health globally, with varying prevalence across different regions. These conditions can be addressed through medication, surgical interventions, and lifestyle modifications. However, the limited understanding of RED’s etiology and the substantial economic burden of its treatment highlight the importance of investigating its pathogenesis. Metabolites play a critical role in metabolic processes and are potentially linked to the development of RED. Despite existing studies suggesting correlations between metabolites and RED, conclusive evidence remains scarce, primarily due to the observational nature of these studies, which are prone to confounding factors.





Methods

This study utilized Mendelian Randomization (MR) to explore the causal relationship between metabolites and RED, leveraging genetic variants associated with metabolite levels as instrumental variables to minimize confounding and reverse causality. Data were obtained from the Metabolomics GWAS Server and the IEU OpenGWAS project. Instrumental variables were selected based on their association with the human gut microbiota composition, and the GWAS summary statistics for metabolites, PCOS, EMs, and FI were analyzed. The MR-Egger regression and random-effects inverse-variance weighted (IVW) methods were employed to validate the causal relationship. Cochran’s Q test was employed to evaluate heterogeneity, sensitivity analysis was performed using leave-one-out analysis, and for pleiotropy analysis, the intercept term of MR-Egger’s method was investigated.





Results

The MR analysis revealed significant associations between various metabolites and RED conditions. For instance, a positive association was found between 1-palmitoylglycerophosphocholine and PCOS, while a negative association was noted between phenylacetate and FI. The study identified several metabolites associated with an increased risk and others with protective effects against PCOS, EMs, and FI. These findings highlight the complex interplay between metabolites and RED, suggesting potential pathways through which these conditions could be influenced or treated.





Conclusion

This MR study provides valuable insights into the causal relationship between metabolites and female reproductive endocrine disorders, suggesting that metabolic alterations play a significant role in the pathogenesis of PCOS, EMs, and FI, and offering a foundation for future research and therapeutic development.





Keywords: Mendelian randomization, metabolites, reproductive endocrine disorders, polycystic ovary syndrome, endometriosis, female infertility, genome wide association study, instrumental variables




1 Introduction

Reproductive endocrine disorders (RED) affecting females, including polycystic ovary syndrome (PCOS), endometriosis (EMs), and female infertility (FI), have been a major health issue for women in their reproductive years (1, 2). Research studies reveal that the global prevalence of PCOS varies between 4% and 21%. In China, the reported incidence of PCOS among women aged 19-45 years is 5.6% (3). EMs affects approximately 10% of women of reproductive age worldwide, affecting 190 million people (4). While in the United States, approximately 10% to 15% of individuals are affected by FI, with around 30% of cases having an unknown etiology (5).

Early diagnosis of RED is crucial, especially of endometriosis, given its significant impact on the reproductive health and fertility potential of young patients (6). Timely identification, followed by effective treatment, is essential to reversing infertility, increasing the likelihood of a successful pregnancy, and improving overall quality of life. RED can be managed through various approaches, including medication, surgical intervention, and lifestyle adjustments, emphasizing the importance of early and appropriate therapeutic strategies (7). The major goal of medical care is to regulate the menstrual cycle, hormone secretion, and metabolism. On the other hand, surgical intervention generally aims to remove lesions, control pain, and assist with reproductive technologies. Lifestyle alterations prioritize the management of diet, exercise routines, and behavioral adjustments. Because the understanding of the etiology of RED is limited, the annual global expenditure on its treatment remains enormous, which places a significant burden on the global economy (4, 8, 9). Researching the pathogenesis of RED will not only reduce the worldwide economic burden but also aid in the advancement of more efficient treatments (1, 10, 11).

The development of the RED complex usually arises from an unhealthy lifestyle, genetic and hormonal abnormalities, inflammation, and metabolic disturbances (10–13). Metabolites are pivotal in metabolic processes since they either produce or consume resources, hence ensuring the proper functioning of physiological processes. For example, disturbances in sugar metabolism might result in the onset of chronic illnesses (14). The findings of various studies have indicated that the processes of lipid metabolism, glucose metabolism, and sphingolipid metabolism may be intricately linked to the pathogenesis of RED (15–17). Patients with PCOS exhibit a notable prevalence of common metabolic dysfunction (16). A robust association exists between inflammation in the FI signal and elevated androgen metabolism (15, 18). Supplementing vitamin C and E has been proposed as a possible treatment for reducing painful symptoms in patients with Ems (19). Hence, metabolic alterations are closely connected to the development of RED. Nevertheless, the existing clinical evidence establishing the correlation between metabolites and RED is restricted and mostly obtained from observational studies, which may be influenced by confounding factors. Therefore, gaining a deeper understanding of the connection between metabolites and RED, as well as the probable mechanisms involved, is of great therapeutic importance for accurately assessing risk and improving treatment approaches.

Mendelian randomization (MR) is a commonly employed method for inferring causality. It utilizes genetic variants that are linked to the exposure of interest as instrumental variables (IVs) to establish the causal impact of the exposure on the outcome. This approach is effective in isolating the effect of exposures from potential confounding factors, such as environmental influences and lifestyle choices (20–24). It can reduce the impact of reverse causality to ensure maximum validity (25, 26). The swift advancement of Genome Wide Association Study (GWAS) data additionally establishes a strong basis for the execution of MR Research. The relationship between metabolomics and MR research, particularly in the context of elucidating the causal pathways in human diseases, exemplifies a compelling application of this methodology (27, 28). Metabolomics, the comprehensive study of small molecule metabolites within biological systems, offers a dynamic and sensitive reflection of both genetic and environmental influences on an organism’s state. When integrated with MR, metabolomics can provide powerful insights into the causal relationships between specific metabolic profiles and disease outcomes.

At present, there is a lack of research that uses the MR approach to thoroughly examine the cause-and-effect relationship between metabolites and the start of RED. Our study aimed to examine the potential causal relationships between specific genotypes, plasma metabolite levels, and the risk of developing PCOS, EMs, and FI using MR analysis. We hypothesize that genetic variations directly influence metabolite levels and, consequently, disease outcomes, independent of confounding factors. By exploring these causal connections, the findings could help identify pathogenic metabolites with causal relationships, potentially guiding targeted therapeutic strategies and preventive measures for these REDs.




2 Methods



2.1 Study design

In our study on the link between plasma metabolites and the development of PCOS, EMs and FI levels, we propose three key hypotheses. First, we expect a correlation between certain genotypes and plasma metabolite levels, suggesting a genetic influence on these metabolites that could affect disease risk. Second, these genotypes should not be influenced by confounding factors, ensuring that any observed relationship with metabolite levels is likely due to a genuine biological mechanism. Third, we assume that these genotypes directly impact the metabolites in question, thereby affecting the risk or progression of PCOS, EMs, and FI. This framework aims to clarify how genetic variations contribute to the observed outcomes, using Mendelian randomization to explore potential causal connections. Figure 1 depicts the process of Mendelian randomization including metabolites that are linked to PCOS, EMs, and FI.
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Figure 1 | Flow chart of the study. Image illustrates the Mendelian randomization (MR) framework used to investigate the causal effects of plasma metabolite levels on reproductive endocrine disorders, including polycystic ovary syndrome (PCOS), endometriosis (EMs), and female infertility (FI). Instrumental variables (IVs) are selected based on single nucleotide polymorphisms (SNPs) fulfilling stringent criteria for relevance (P < 1 × 10-5), linkage disequilibrium (R2 < 0.001), and a sizable aggregation window (>10,000 kb). MR analyses utilize inverse variance weighted (IVW) methods and MR-Egger regression for causal inference, with additional sensitivity testing (Cochran’s Q and leave-one-out analysis) to assess the robustness of the findings.




2.2 Data sources

The metabolite GWAS data was obtained from the Metabolomics GWAS Server website (https://metabolomips.org/gwas/), while the genetic variance data related to PCOS, EMs, and FI was obtained from the IEU OpenGWAS project website (https://gwas.mrcieu.ac.uk/) (Table 1). IVs were chosen as single-nucleotide polymorphisms (SNPs) that are linked to the composition of the plasma metabolites. Due to the fact that the data utilized in this study were collected from published studies or public databases, ethics approval was not necessary. The GWAS summary statistics for the metabolites were acquired from the Metabolomics GWAS Server, which may be accessed at https://metabolomips.org/gwas/. This study involves genome-wide association scans combined with high-throughput metabolic monitoring to get unique insights into the impact of genetic variation on metabolism and complex diseases. The researchers have conducted a thorough investigation into the genetic factors that affect human metabolism. They studied a total of 7,824 adult individuals from two European population studies. The study identified significant associations between 145 metabolic loci and more than 1400 metabolites in human blood, revealing their biochemical connectivity (29). The GWAS summary datasets for PCOS were obtained from the OpenGWAS database. The GWAS ID is finn-b-E4_POCS, with a total of 118,870 female participants, consisting of 642 cases and 118,228 controls. The total count of SNPs is 16,379,676. The GWAS data for individuals with endometriosis were obtained from a recent genome-wide association study. The selected trait for analysis was endometriosis, and the discovery sample consisted of 4,511 cases of European ancestry and 227,260 controls of European ancestry (30). The GWAS summary datasets for FI were obtained from the OpenGWAS database. The GWAS ID is finn-b-N14_FEMALEINFERT, with a total of 75,470 female participants, consisting of 6,481 cases and 68,969 controls. The total count of SNPs is 16,377,038.

Table 1 | Detailed information of datasets.
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2.3 Selection of IVs

The following criteria were employed in this study for the purpose of screening instrumental variables (31). Typically, this is accomplished by utilizing data obtained from extensive GWAS. The selected SNPs should possess a strong and firmly proven correlation with the exposure. The IVs demonstrate a robust association with exposure, as evidenced by a significant criteria of P < 1× 10-5 (correlation hypothesis) (32). It is necessary to measure the degree of correlation between each SNP and the exposure. This entails utilizing statistical analysis to quantify the magnitude of the impact of each SNP on the exposure, often quantified as the beta coefficient in a regression model (33). It’s crucial to ensure that the SNPs used as IVs affect the outcome only through the exposure and not through other pathways. This is known as the assumption of no pleiotropy (34). The SNPs selected by the MR Method adhere to the genetic principle of random parental allele assignment to offspring, thereby minimizing the influence of environmental and acquired factors. Consequently, it can be theoretically assumed that instrumental variables are independent of social, economic, and cultural factors. SNPs in close proximity on the genome can be in linkage disequilibrium, meaning they are often inherited together. It’s important to ensure that the selected SNPs are independent of each other, or to adjust the analysis for LD (35). The selected SNPs should collectively explain a significant portion of the variance in the exposure. Weak instruments (those that explain only a small fraction of the variance) can lead to biased MR estimates. Moreover, an F statistic greater than 10 is employed as a criterion for assessing weak instrumental variables (36). The screening condition for selecting meaningful SNPs from the aggregated GWAS data of metabolites were set as P < 1×10-5. The coefficient of linkage disequilibrium is r2 < 0.001 and the width of the linkage disequilibrium region was 10000kb. These were applied to ensure the independence of each SNP and eliminate the impact of linkage imbalance on the results (32, 33, 35). The PhenoScanner (http://www.phenoscanner.medschl.cam.ac.uk/) was utilized to account for confounding factors and assess the outcome associated with each SNP. From the aforementioned screened SNPs, those extracted from the aggregated GWAS data of PCOS, EMs, and FI had a minimum r2 value greater than 0.8. This summarizes the information contained in this dataset.




2.4 Verification of causality

The MR-Egger regression and random-effects inverse-variance weighted (IVW) methods were employed to validate the causal relationship between exposure (Metabolites) and outcomes (PCOS, EMs, and FI), using SNPs as instrumental variables. IVW, which is widely recognized as the primary outcome measure, was utilized (37). In this approach, each locus’s inverse of variance (R2) served as the weight for estimating the causal effect based on multiple SNPs as instrumental variables. These weighted causal effect estimates were then summed to obtain the final estimate using IVW method. MR-Egger method essentially incorporates a weaker assumption (InSIDE) within IVW framework to perform causal effect estimation while introducing a regression intercept term to detect and correct bias caused by pleiotropic effects of instrumental variables in order to estimate the causal relationship between exposure and outcome (38). When there is horizontal pleiotropy present, MR-Egger results can be referenced. Additionally, random-effects inverse-variance weighting method was applied for analyzing the causal relationship between variables with MR-Egger regression serving as a supplementary analysis technique (39). All aforementioned methods were implemented using TwoSample MR Package in R 4.1.0 software at a significance level of α=0.05. The SNP annotation was performed using online tools available at https://biit.cs.ut.ee/gprofiler/snpense. SNPense tool facilitated the mapping of human SNP rs-codes to gene names, providing chromosomal coordinates and predicted variant effects. Mapping was restricted to variants that overlapped with protein-coding Ensembl genes (40). All essential data were retrieved from Ensembl variation.




2.5 Heterogeneity and horizontal pleiotropy

The heterogeneity was assessed using Cochran’s Q test, with results considered heterogeneous if P < 0.05. I² (I-squared) was also used to measure heterogeneity, indicating the proportion of variation due to heterogeneity in total variation (34). The range for I² is from 0% to 100%, with larger values indicating higher levels of heterogeneity. The formula for calculating I = 2(Q - Q_df)/Q. For pleiotropy analysis, the intercept term of MR-Egger’s method was utilized, while leave-one-out analysis was employed for sensitivity analysis. IVs were deemed non-pleiotropic when the intercept term of the MR-Egger regression model equaled zero (P > 0.05) (41). To conduct leave-one-out analysis on IVs, each SNP was gradually removed and the remaining SNPs were re-analyzed to observe their individual effects (42).





3 Results



3.1 IVs screening

After undergoing multiple screenings, the dataset of PCOS, EMs, and FI associated with metabolites ultimately comprised 13,615 SNPs. Supplementary Table 1 presents the basic information of select SNPs, while the remaining SNPs exhibit similar characteristics. The F-statistic for each individual SNP ranged from 17.64 to 1294.286 (mean: 26.468), suggesting that weak instrumental variables were unlikely to significantly impact the causal association. See the Supplementary Table 1 for more details.




3.2 The analysis of causal relationship

We conducted a comprehensive MR analysis to assess the causal relationships between each screened metabolite and conditions with PCOS, EMs, and FI (Figure 2, Supplementary Figure 1). The IVW analysis results demonstrated that substances with confidence intervals that do not cross the line of no effect and have a p-value less than 0.05 are considered to have a statistically significant association with the outcome (Figure 3).

[image: Circular and dot plot visualizations depicting various metabolites associated with conditions such as PCOS, FI, and EMs. Panel A shows a circular plot with colored segments representing p-values ranging from 0.01 to 0.05. Panel B contains a dot plot displaying metabolites on the y-axis, with the number of SNPs on the x-axis. Dot size denotes odds ratio 95% confidence intervals, and color intensity indicates the negative logarithm of the p-value.]
Figure 2 | Forest plots of MR-estimated effects of plasma metabolites on PCOS, endometriosis, and female infertility risk. Image depicts a comprehensive Mendelian randomization (MR) analysis to assess the association between plasma metabolites and the risk of developing common reproductive endocrine disorders: polycystic ovary syndrome (PCOS) in (A), endometriosis in (B), and female infertility (FI) in (C). For each disorder, forest plots illustrate the estimated effects (odds ratios with 95% confidence intervals) of the metabolite levels, with the number of single nucleotide polymorphisms (SNPs) utilized as instrumental variables (nSNP) presented alongside. A significant association is denoted by P values that breach the threshold of statistical significance. The effect size for each metabolite is visually captured through the width of the horizontal lines (confidence intervals).

[image: Three forest plots labeled A, B, and C display odds ratios (OR) with 95% confidence intervals (CI) and P-values for metabolites associated with certain exposures.   Panel A shows exposures like glycerate and uridine, with OR values ranging from 0.032 to 17.181.   Panel B includes exposures such as creatinine and acetylphosphate, with OR values from 0.162 to 5.070.   Panel C lists exposures like glucose and margarate, with OR values from 0.321 to 3.215.   Significant associations are indicated by P-values below 0.05.]
Figure 3 | Circular heatmap and bubble plot of MR results for metabolites in reproductive endocrine disorders. (A) is a circular heatmap that encapsulates the MR findings for a spectrum of metabolites, with color intensities reflecting the magnitude of -log10 P values, indicating the strength of the associations. Each segment is annotated with the metabolite’s name and the specific condition it’s associated with (PCOS for polycystic ovary syndrome, EMs for endometriosis, and FI for female infertility), facilitating a comparative overview of metabolites across different outcomes. (B) is a bubble plot, showcasing the odds ratios (OR) and the corresponding P values (-log10 scale) for each significant metabolite’s influence on the disease states. The size of each bubble represents the number of single nucleotide polymorphisms (nSNP) used as instrumental variables, thus reflecting the genetic weight of the analysis. The color gradient represents the significance levels, with cooler blue tones denoting stronger associations and warmer red tones suggesting weaker statistical significance.

In PCOS (Figure 2A), the analysis revealed significant associations across a range of metabolite classes, including amino acids, carbohydrates, lipids, nucleotides, and peptides. Phenylacetate, an amino acid, exhibited a notable association with an increased risk of PCOS (OR = 4.439, 95% CI: 1.070-18.417, p = 0.0401). In the carbohydrate category, glucose showed a protective effect (OR = 0.058, 95% CI: 0.005-0.678, p = 0.0232), while glycerate and mannitol were linked to varying effects on PCOS risk. Lipid metabolites, particularly 1-oleoylglycerophosphocholine and epiandrosterone sulfate, were significantly associated with PCOS, underscoring their potential roles in its pathogenesis. Additionally, nucleotide uridine and peptides like pyroglutamylglycine also showed significant associations, suggesting their involvement in PCOS development.

For Endometriosis (Figure 2B), our findings indicated significant associations with amino acids such as creatinine and leucine, pointing to a potential influence on EMs risk (OR = 4.425, 95% CI: 1.281-15.287, p = 0.0187 for creatinine). Carbohydrates like mannose and energy metabolites such as acetylphosphate also demonstrated significant links to EMs. Among lipids, several metabolites including 1-eicosatrienoylglycerophosphocholine and 4-androsten-3beta,17beta-diol disulfate 1 showed associations with EMs risk, highlighting the complexity of lipid metabolism in EMs etiology. The analysis further identified significant associations with other lipid metabolites, emphasizing their potential regulatory roles in EMs.

In the context of FI (Figure 2C), isovalerylcarnitine, an amino acid, was inversely associated with FI (OR = 0.574, 95% CI: 0.394-0.836, p = 0.0038), suggesting a protective role against insulin resistance. Carbohydrates and lipids also displayed significant associations with FI levels. Specifically, glucose showed an inverse relationship, while various lipid metabolites such as 1-arachidonoylglycerophosphoinositol and docosapentaenoate were linked to FI alterations, indicating their importance in insulin metabolism and sensitivity. Additionally, nucleotides and peptides demonstrated significant associations, further underscoring the multifaceted nature of genetic influences on FI levels.

We summarized a comprehensive information of the metabolite classifications (classified as amino acids, carbohydrates, lipids, nucleotides, and peptides) associated with three diseases, as well as the number of SNPs and their causality (Table 2).

Table 2 | MR results of causal links.


[image: A table listing various metabolites categorized by classification, such as amino acids, carbohydrates, lipids, etc., for PCOS, EMs, and FI. It includes columns for Nsnp, Methods (IVW), OR (odds ratio with 95% confidence interval), and P-value. Each entry details a specific metabolite and associated statistical metrics, highlighting significant correlations or effects.]
The detailed list provides supplementary information for SNP annotation in metabolites of imparity, and it uncovers genetic loci where metabolites exert an impact on PCOS, EMs, and FI (Supplementary Table 2).




3.3 Sensitivity testing

In our study employing MR to assess the impact of specific metabolites on the risk of PCOS, EMs, and alterations in FI levels, we evaluated outcomes across various metabolite classes. The results are organized by disease condition, including assessments of heterogeneity and horizontal pleiotropy, which are crucial for understanding the robustness and specificity of the associations identified.

We summarized the analysis of MR heterogeneity and directional pleiotropy in metabolites and outcome variables associated with three diseases (Table 3, Supplementary Figure 2, 3). The identified SNPs did not exhibit a statistically significant impact on the estimates of causal association.

Table 3 | Evaluation of heterogeneity and pleiotropy.


[image: A table presents various metabolites categorized under outcomes like PCOS, EMs, and FI. The table includes columns for classification, heterogeneity metrics (including I², Cochran's Q, and P-values), and horizontal pleiotropy (Egger intercept, SE, P-values). Data display metrics for amino acids, carbohydrates, lipids, nucleotides, peptides, and energy, with specific values provided for each metabolite. Notable metabolites include phenylacetate, glucose, and leucine, among others. Each entry contains statistical values that analyze heterogeneity and pleiotropy within these groups.]
For PCOS, heterogeneity, as measured by I2(%) and Cochran’s Q, varied across metabolites, with phenylacetate (amino acid) showing relatively low heterogeneity (I2 = 13%) but a significant horizontal pleiotropy p-value (Egger intercept p-value = 0.6826). Other notable findings include glucose (carbohydrate) with an I2 of 11% and no significant pleiotropy (Egger intercept p-value = 0.3449), and 1-oleoylglycerophosphocholine (lipid) with I2 = 7% and a marginally non-significant pleiotropy p-value (Egger intercept p-value = 0.1477). These results suggest a varied landscape of genetic instruments’ effects on PCOS risk, with some metabolites showing more stable and specific associations than others.

In EMs, creatinine (amino acid) exhibited moderate heterogeneity (I2 = 15%) and no significant pleiotropy (Egger intercept p-value = 0.6733). A high level of heterogeneity was noted for leucine (amino acid) with an I2 of 9% and a borderline significant pleiotropy (Egger intercept p-value = 0.1682), suggesting the need for cautious interpretation. The lipid metabolite 1-linoleoylglycerol (1-monolinolein) showed a notable I2 of 21% and a pleiotropy p-value nearing significance (Egger intercept p-value = 0.0781), indicating potential pleiotropic effects influencing its association with EMs.

For alterations in FI, isovalerylcarnitine (amino acid) had a low heterogeneity (I2 = 5%) and showed no evidence of significant horizontal pleiotropy (Egger intercept p-value = 0.9512), suggesting a more direct association with FI. Conversely, phenylacetate (amino acid) and glucose (carbohydrate) displayed higher heterogeneity but also no significant pleiotropy, highlighting the complexity of these associations.

Furthermore, the robustness of our findings was further validated by a leave-one-out sensitivity analysis, as illustrated in Supplementary Figure 4.





4 Discussion

This study represents a pioneering endeavor to unveil the intricate connections between metabolites and REDs from a metabolomics perspective. By employing MR analysis, we have identified a combined total of 39 metabolites (10 for PCOS, 15 for EMs, and 14 for FI) across various classes that are significantly associated with conditions. Through the process of gene annotation, it has been shown that there are potentially 442 different types of genes that could be linked to female REDs (Supplementary Table 2). This work is the first to use MR analysis to establish a causal link between metabolites and RED. These findings not only enrich our understanding of the metabolic underpinnings of RED but also pave the way for novel diagnostic and therapeutic approaches.

The Global Burden of Disease Study 2021 highlights infertility as an escalating global health challenge marked by rising prevalence and notable regional disparities (2). Identifying the causes of infertility is essential for devising effective strategies to mitigate its impact worldwide. Exploring these causes from an omics and metabolic perspective could provide valuable insights into the underlying mechanisms and potential therapeutic targets (43, 44). Many recent studies have focused on the significance of metabolites in female reproductive endocrine diseases. Li et al. discovered that mono-(2-ethylhexyl) phthalate (MEHP), a byproduct of DEHP, can disrupt ovarian function by causing irregularities in the 17β-hydroxysteroid dehydrogenase (17β-HSD) signaling pathway. This study sought to validate this idea in living organisms by conducting experiments on adult female Wistar rats (45). Li et al. conducted a study on the developmental abnormalities of the ovary in quail caused by di-(2-ethylhexyl) phthalate (DEHP) and its metabolite MEHP. They emphasized the receptor-mediated signaling pathway through which these metabolites hinder estradiol production and disrupt the hypothalamic-pituitary-ovarian axis (46). Additionally, Charifson et al. suggested that PCOS could be attributed to a mismatch between genetic variations that developed in physically active subsistence settings and the sedentary industrialized surroundings of modern times (47). In their study, Chu et al. examined the impact of continuous exposure to light on the disruption of circadian rhythm and its implications on reproductive, metabolic, and gut microbiome abnormalities resembling those seen in PCOS in a rat model. The study highlights the significance of circadian rhythm in the development of PCOS (48). In addition, Mukhopadhyay et al. conducted a review on the relationship between bisphenol A (BPA) and the risk of PCOS. Their focus was on how BPA can change the expression of genes that play a role in regulating hormones, which are often linked to the symptoms of PCOS (49). Ding et al. emphasized the importance of comprehending the impacts of endocrine disrupting chemicals (EDCs) on female reproductive health, particularly in relation to ovarian aging (50). To summarize, the data indicates that metabolites, namely those originating from phthalates and BPA, have a substantial impact on female reproductive endocrine disorders such as PCOS. Gaining a comprehensive understanding of the processes by which these metabolites interfere with endocrine pathways and affect ovarian function is essential for the development of successful treatments and interventions for these disorders (51). Additional investigation is necessary to enhance our comprehension of the intricate problems related to female reproductive health, including the impacts of EDCs, circadian rhythm disruption, and toxicological data from biomonitoring investigations (50, 52).

From the perspective of pathophysiological mechanisms, the growth of endometriotic deposits is dependent on the presence of estradiol, which is supplied by both systemic hormones and enhanced expression of aromatase and steroidogenic acute regulatory protein locally. Additionally, the expression of 17β-hydroxysteroid dehydrogenase 2 is reduced by endometriotic lesions, further contributing to the proliferation of these deposits (53). Furthermore, lesions exhibit heightened expression of estrogen receptor β (54). Moreover, the inhibition of progesterone receptor B in both normal and abnormal endometrial tissue is intensified in abnormal endometrial stromal cells due to epigenetic differential methylation of PR-B, HOX, and GATA family transcription-factor genes (55). This leads to disrupted progesterone signaling, commonly referred to as “progesterone resistance (56). PCOS is associated with adrenocortical steroidogenic dysfunction, as evidenced by research (57) Around one third of women with PCOS show elevated levels of dehydroepiandrosterone sulfate, which is an androgen metabolite or prohormone primarily produced by the adrenal cortex. Insulin resistance and compensatory hyperinsulinemia are crucial factors in the development of PCOS. Excessive insulin, in combination with LH, enhances the production of androgens by ovarian theca cells (58). Additionally, it reduces the production of sex hormone-binding globulin in the liver, together with the excess of androgens (59). The cause of the reduced insulin sensitivity in PCOS is not yet fully understood. However, it is believed that the different genetic and epigenetic abnormalities contribute to impairments in the production and function of the main glucose transporter in cells, known as glucose transporter 4 (GLUT4), as well as impairments in the disposal of glucose through insulin. Patients with PCOS also exhibit abnormalities in insulin-mediated lipolysis. Furthermore, the level of insulin resistance in PCOS is exacerbated by a condition of persistent mild inflammation, partly caused by aberrant production and function of adipocytokines. On the other hand, there is stronger evidence indicating that women with PCOS have adipose tissue that shows different defects that promote an inflammatory or insulin resistant condition. These defects include dysfunction in adipocytokines, dysregulation of free fatty acid metabolism, and abnormalities in epigenetics that affect GLUT4 function (57). Further investigation is required to rule out or confirm clinical evaluation using more targeted hormonal testing. Thyroid problems, hyperprolactinemia, and nonclassic adrenal hyperplasia are the main conditions to consider. These can be ruled out by measuring thyroid-stimulating hormone, prolactin, and 17-hydroxyprogesterone, respectively. Nonclassic adrenal hyperplasia caused by abnormalities in CYP21A2 affects a percentage ranging from 1 to 10% of women with excessive hair growth, depending on their ethnic background. This condition is the most prevalent autosomal-recessive ailment in the human population. Nonclassic adrenal hyperplasia caused by abnormalities in CYP21A2 affects a percentage ranging from 1 to 10% of women with excessive hair growth, depending on their ethnic background. This condition is the most prevalent autosomal-recessive ailment in the human population. Additional evidence indicates that promptly identifying the condition and administering corticosteroid treatment may enhance the chances of achieving a successful reproductive outcome (60). Therefore, it is recommended to evaluate any woman exhibiting signs, symptoms, or complaints of hyperandrogenism, regardless of severity, for nonclassic adrenal hyperplasia. Practitioners must be aware that it is not feasible to clinically identify or even make an educated guess about the diagnosis of nonclassic adrenal hyperplasia. It is absolutely necessary to evaluate the levels of 17-hydroxyprogesterone (61).

There are multiple benefits to our study. As far as we know, this is the initial MR investigation conducted to assess the causal connection between metabolites and REDs. Our current focus is on conducting exploratory research with the specific aim of enhancing our ability to support future metabolomics studies and offering valuable insights for future endeavors. Metabolomics is a scientific discipline that seeks to understand how living systems react to genetic alterations, environmental shifts, or disease conditions by examining the entire collection of metabolites within a specific biological setting, providing a precise representation of the biochemical processes occurring at the moment of sample collection (62). By integrating advanced approaches such as extracellular vesicles, liquid biopsies, and single-cell metabolomics with our understanding of metabolites, we can further refine our analyses, potentially leading to early diagnosis and targeted early treatment of REDs (63–66). Thus, we anticipate that our study can guide the analysis of metabolites and genomes, enabling researchers to focus on fundamental experiments and develop more effective therapeutic strategies.

But there also are certain constraints that need to be addressed. First, identifying genetic variations that are strongly linked to specific metabolites and can serve as instrumental factors can be a complex task. Metabolites can be altered by a combination of genetic factors and environmental conditions. These genetic variants account for only a minor fraction of the variability in the metabolites, which may result in a slight instrument bias and diminish the statistical power of the study. The chosen genetic variants may impact the likelihood of female reproductive endocrine disorders through biological pathways that are not connected to the hypothesis, so contravening the third postulate of MR. Pleiotropy may introduce a bias in the estimated causal effect. Second, the study sample consists of individuals with varied genetic backgrounds. Failing to effectively adjust for population stratification could result in false relationships. This poses a significant challenge when the correlation between genetic variations and metabolites differs among different populations. The genetic variations utilized are predominantly derived from specific groups with European heritage, hence the findings may not be generalizable to individuals with different genetic backgrounds. Therefore, the study’s capacity to be applied to a wider population may be restricted. Third, if there is a potential for bidirectional causation between specific metabolites and female reproductive endocrine problems, relying solely on MR may not provide an accurate determination of the actual causal relationship. Furthermore, inaccuracies in detecting metabolite levels may introduce bias in the assessment of causal links, particularly if the measurements of metabolites are inaccurate or affected by batch effects. If individuals in the sample are chosen or omitted based on their disease status or other specific criteria, the study results may not be applicable to the wider population. Subsequent metabolomics investigations should include provisions to tackle these constraints.

This pioneering study marks a significant advancement in understanding the complex interplay between metabolites and RED from a metabolomics standpoint. Through meticulous MR analysis, we’ve unveiled specific associations across various metabolite classes—including amino acids, carbohydrates, lipids, nucleotides, and peptides—with conditions like PCOS, EMs, and FI. These insights not only deepen our comprehension of RED’s metabolic foundations but also herald new avenues for diagnosis and treatment. The identification of metabolites as potential biomarkers offers promising pathways for early detection and risk assessment, enabling more precise and personalized management strategies. Furthermore, elucidating these causal relationships opens up possibilities for targeted interventions aimed at correcting metabolic imbalances, thereby offering hope for improved outcomes. The diversity of implicated metabolites underscores the necessity for a personalized medicine approach, tailoring treatments to individual metabolic dysregulations to optimize care. Consequently, this research not only contributes significantly to our understanding of reproductive health but also paves the way for transformative developments in the diagnosis, management, and treatment of reproductive endocrine disorders, spotlighting the critical role of metabolomics in advancing reproductive medicine.




5 Conclusion

Our work employed a multivariate two-sample MR analysis using publicly accessible GWAS meta-analysis data to examine the causal connection between metabolites and several RED, such as PCOS, EMs and FI. Ultimately, we conducted a thorough assessment of the potential correlation between the metabolites and REDs. These metabolites and genes could potentially serve as biomarkers and offer valuable insights for future studies on treatment.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The studies involving humans were approved by publicly available genome-wide association study summary statistics. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

F-FL: Writing – review & editing, Writing – original draft, Visualization, Validation, Supervision, Software, Resources, Project administration, Methodology, Investigation, Funding acquisition, Formal Analysis, Data curation, Conceptualization. ZW: Writing – review & editing, Writing – original draft, Visualization, Validation, Supervision, Software, Resources, Project administration, Methodology, Investigation, Funding acquisition, Formal Analysis, Data curation, Conceptualization. Q-QY: Writing – original draft, Validation, Software, Formal Analysis, Data curation. F-SY: Writing – original draft, Validation, Software, Methodology, Formal Analysis. CX: Writing – original draft, Validation, Methodology, Formal Analysis, Data curation. M-TW: Writing – original draft, Validation, Software. Z-JX: Writing – original draft, Formal Analysis, Data curation. SC: Writing – review & editing, Supervision, Project administration. RG: Writing – review & editing, Supervision, Project administration.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. RG was supported partially by the Foundation of Changhai Hospital (No. 2020YXK024).




Acknowledgments

We want to acknowledge the participants and investigators of FinnGen, the UK Biobank study for sharing the genetic data, and we express our sincere gratitude to all the diligent researchers, collaborators, and participants who contributed to the GWAS studies. Some figures were created using BioRender.com, and we have obtained the necessary permissions for publication.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2024.1438079/full#supplementary-material

Supplementary Table 1 | Comprehensive information of all SNPs associated with female infertility, polycystic ovary syndrome, and endometriosis.

Supplementary Table 2 | Detailed annotations for all single nucleotide polymorphisms employed as instrumental variables.

Supplementary Figure 1 | Scatter plot. This scatter plot depicts the correlation between the genetic associations of instrumental variables and the risk of reproductive endocrine disorders, providing a snapshot of the causal effects estimated by MR.

Supplementary Figure 2 | Funnel plot. The funnel plot visualizes the distribution of effect estimates from instrumental variables against their precision, assessing potential publication bias and asymmetry in the MR analysis for metabolic markers related to reproductive disorders.

Supplementary Figure 3 | Forest plot. The forest plot aggregates the effect sizes and confidence intervals for each metabolite’s impact on reproductive health outcomes, facilitating a meta-analytic view of their significance and heterogeneity.

Supplementary Figure 4 | Leave-one-out plot. The leave-one-out plot examines the influence of each individual instrumental variable on the overall MR results, ensuring the robustness and reliability of the associations with female infertility, polycystic ovary syndrome, and endometriosis.
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Background

Endometriosis (EMs) results in approximately 50% of reproductive-age women facing infertility. Currently, no precise model is available to predict successful postoperative pregnancy.





Methods

This study involved 81 patients with severe EMs (stages III and IV) and 38 controls with benign gynecological conditions, matched by age and BMI, diagnosis at Fujian Maternity and Child Health Hospital from January 2018 to December 2019. Relative expression levels of ERRβ and ERRγ mRNA in ectopic and ectopic endometrial tissues were measured using fluorescence quantitative PCR. Serum levels of ERRβ, ERRγ, and fertility-related hormones (AMH, FSH, LH, CA125) were assessed. Correlations were analyzed, and the predictive value of ERRγ for postoperative pregnancy was evaluated using a nomogram based on LASSO and multivariate logistic regression. Internal validation using bootstrapping techniques assessed the nomograms performance, including calibration and DCA.





Results

ERRβ and ERRγ mRNA levels from ectopic tissues were significantly reduced in patients with severe EMs compared to controls. High serum CA125 correlated with increased ERRγ mRNA expression in ectopic tissues. ERRγ mRNA expression in ectopic endometrial tissues was negatively correlated with age, BMI, and FSH levels, and positively with AMH and LH/FSH ratio. ERRγ mRNA and FSH were significant predictors of postoperative pregnancy, with the nomogram model showing a Brier score of 0.175 and a consistency statistic of 0.811.





Conclusions

ERRβ and ERRγ are downregulated in ectopic tissues from severe EMs. Elevated ERRγ mRNA expression and lower FSH levels are predictive factors for successful postoperative pregnancy.





Keywords: severe endometriosis, estrogen receptor-related receptor-beta, estrogen receptor-related receptor-gamma, infertility, pregnancy




1 Introduction

Endometriosis (EMs) (1) is a chronic inflammatory disease prevalent in reproductive-age women that depends on estrogen, resulting in symptoms like dysmenorrhea, dyspareunia, and infertility, significantly affecting female reproductive health and quality of life (2). EMs results in approximately 50% of reproductive-age women facing infertility. Assisting these women in achieving successful pregnancies remains an unwavering goal of many scientists and healthcare practitioners. Patients desiring fertility can consider conservative surgery, although this may affect ovarian function. Currently, no precise model is available to predict successful postoperative pregnancy.

The estrogen receptors estrogen receptor-alpha and estrogen receptor-beta are key mediators of estrogen function and play a significant role in the onset and progression of Ems (3, 4). Estrogen-related receptors (ERRs) are a class of transcriptional regulatory factors in the nuclear receptor family that share homology with estrogen receptors. They include three subtypes: estrogen receptor-related receptor-alpha (ERRα), estrogen receptor-related receptor-beta (ERRβ), and estrogen receptor-related receptor-gamma (ERRγ) (5). The DNA-binding and ligand-binding domains of ERRs exhibit up to 68% sequence homology with ERs (6). ERRs show varying degrees of correlation in gynecologic hormone-related malignancies like breast, ovarian, and endometrial cancer and other tumors (7–9). Currently, there is no domestic or international literature on the expression and related mechanisms of ERRβ and ERRγ in severe EMs.

Approximately 30%–50% of women with EMs suffer from infertility. AMH is a marker of ovarian reserve, reflecting the remaining number of antral follicles, and its lower levels in EMs patients indicate diminished fertility potential. Compared to other benign gynecological conditions, such as ovarian cysts, women with EMs typically have lower serum levels of anti-Müllerian hormone (AMH), suggesting that EMs may impair ovarian reserve function and affect female fertility (10–12). Additionally, follicle-stimulating hormone (FSH) plays a critical role in follicular development, and elevated FSH levels may indicate impaired ovarian function (13). Luteinizing hormone (LH), essential for ovulation and the luteal phase, can also be disrupted in EMs, contributing to menstrual irregularities and infertility (14–16). Cancer antigen 125 (CA125), although not a specific marker, is often elevated in patients with Ems (17), reflecting the inflammatory nature of the disease and being used to monitor disease severity and recurrence (18–21). However, Lipari C et al. proposed that serum AMH levels in patients with EMs do not significantly change with the progression of EMs stages (22). Consequently, it is essential to identify new predictive factors to assess the likelihood of successful postoperative pregnancy in patients with severe EMs who are suspected of reduced ovarian reserve. This will enable better medical interventions and treatment guidance.

This study assessed the expression variances of ERRβ and ERRγ in endometrial tissues and serum of patients with severe EMs compared to those in the control group. Moreover, this study explored the correlation between ERRβ and ERRγ, severe EMs and fertility indicators. Evaluate the feasibility of using ERRβ and ERRγ to assist in predicting postoperative fertility in severe EMs.




2 Materials and methods



2.1 Study design

This research received approval from the Research Ethics Committee of Fujian Maternity and Child Health Hospital (Approval No. 2016-038). All participants provided written informed consent for the collection of their data. The staging and scoring of endometriosis were conducted in accordance with the “Revised American Society for Reproductive Medicine Staging System” established in 1997.

Figrue 1 showed the flowchart of participants selection. A comprehensive description of the participant selection process is provided in the Supplementary Materials. In brief, the case group comprised 81 patients who were diagnosed with severe endometriosis (stages III and IV) based on postoperative histopathological analysis conducted between January 2018 and December 2019 at Fujian Maternity and Child Health Hospital. Each patient underwent laparoscopic surgery. For comparison, the control group consisted of 38 patients who also underwent laparoscopic surgery during the same period for benign gynecological conditions, such as tubal lesions or uterine scar diverticulum, and were confirmed to have normal endometrial tissue through histopathology. The criteria for inclusion and exclusion in the control group were identical to those applied to the case group. Among the 81 cases of severe endometriosis, we monitored pregnancy outcomes over a 24-month follow-up period via telephone or email, excluding instances of infertility attributable to male factors. The endpoint for the follow-up was defined by clinical pregnancy outcomes. Cases where pregnancy outcomes could not be tracked up to the final follow-up visit for any reason were classified as lost to follow-up.

[image: Flowchart detailing a study with 90 patients having severe endometriosis treated surgically. Inclusion criteria involve patients planning pregnancy within 24 months and other health conditions. Nine cases are excluded. The remaining 81 patients are divided into an infertile group (47) and a non-infertility group (34) with a control group of 38. A 24-month follow-up shows pregnancy results and compares ERRβ and ERRγ expression in tissues and serum using RT-PCR and ELISA.]
Figure 1 | Flowchart of participants selection.




2.2 Real-time quantitative polymerase chain reaction

We extracted total RNA from tissue samples using the TRIZOL reagent kit (Catalog No: 15596026, Invitrogen) following the manufacturer’s instructions. We assessed RNA purity by measuring the optical density ratio at 260 nm and 280 nm, ensuring values fell between 1.9 and 2.0. We then performed reverse transcription of the extracted RNA using the High-Capacity RNA-to-cDNA kit (Catalog No: 4388950, Applied Biosystems) and stored the resulting complementary DNA at –20°C for further use.

Next, we conducted PCR on an ABI 7300 Real-Time PCR System (Applied Biosystems) using the SYBR Green PCR Master Mix (Applied Biosystems). We defined the cycle threshold (CT) as the cycle where the fluorescence signal exceeded a predetermined threshold, set between 0.1 and 0.3. We automatically calculated the CT values for the mRNA samples based on mRNA abundance using the 2–ΔΔCt method. We designed the primer sequences as follows:

ERRβ Forward: 5’-TCAAGTGCGAGTACATGCTC-3’.

ERRβ Reverse: 5’-GAAATTTGTAAGCTCAGGTA-3’.

ERRγ Forward: 5′-GCCCTCACTACACTGTGTGAC-3′.

ERRγ Reverse: 5′- CCCACCGTGTTCTTCAGACT-3′.

GAPDH Forward: 5′-GCACCGTCAAGGCTGAGAAC-3′.

GAPDH Reverse: 5′-TGGTGAAGACGCCAGTGGA-3′.




2.3 Quantification of serum ERRβ and ERRγ via ELISA

Following the collection of blood samples, the serum was separated by centrifugation at 1500 rpm for 10 minutes. The serum samples were then stored at –70°C until they were analyzed later that same day. To quantify the levels of ERRβ and ERRγ in the serum, a sandwich ELISA kit (Shanghai Jianglai Biotechnology Co., Ltd.) was employed. The optical density at 450 nm for each sample was measured using an ELISA reader. The concentrations of ERRβ and ERRγ in the serum were determined by referencing a standard curve (23).




2.4 Quantification of serum LH and FSH and BMI

Serum LH and FSH levels were performed using ELISA, as described above. Additionally, BMI was calculated as weight in kilograms divided by height in meters squared (kg/m²).




2.5 Development and validation of the nomogram

Univariate Cox regression analysis identified survival-associated genes, followed by LASSO (least absolute shrinkage and selection operator) regression using the R package “glmnet”. The selected predictors were incorporated into the final Cox regression model. The regression coefficients were then used to construct the nomogram. The nomogram was implemented using the R package rms, In this step, each predictor was assigned a score proportional to its contribution to the outcome, and the cumulative score across all variables provided an individualized prediction of the outcome. The model’s discriminative power was assessed by calculating the area under the curve (AUC). To assess the internal validity, we performed 1000 bootstrap resamples to estimate the optimism-corrected performance of the nomogram. The clinical applicability of the nomogram was further assessed via Decision Curve Analysis (DCA) (24).




2.6 Statistical analysis

For continuous variables, independent sample t-tests were utilized. Kaplan-Meier method was employed to generate survival curves, with the log-rank test applied for time-to-event analysis. A significance threshold of α = 0.05 was established, and differences were deemed statistically significant when P < 0.05.





3 Results



3.1 Expression of ERRβ and ERRγ mRNA in tissues

The baseline characteristics of the study participants are presented in Supplementary Table 1. There were statistically non-significant differences in the average age and body mass index (BMI) between the two groups (P > 0.05). Serum CA125 levels were significantly higher in patients with severe EMs compared to the control group (82.35 ± 85.47 versus 14.23 ± 8.04; P < 0.001), while no statistical difference was observed between the two groups in serum AMH levels (3.62 ± 3.20 versus 3.42 ± 1.86; P > 0.05).

In patients, ectopic endometrial tissues exhibited a significant reduction in ERRβ mRNA levels compared to normal endometrial tissues from controls (P < 0.01). Conversely, no statistically significant difference was observed in ERRβ mRNA levels of in situ endometrial tissues between patients and controls (P > 0.05). Moreover, within the patient group, ectopic endometrial tissues showed significantly lower ERRβ mRNA levels than situ endometrial tissues (P < 0.01) (Figure 2A). Moreover, the relative content of ERRγ mRNA in ectopic endometrial tissue and ectopic endometrial tissue was significantly lower in the case group than in normal endometrial tissue of the control group (P < 0.01). Furthermore, the relative content of ERRγ mRNA in the ectopic endometrial tissue of the case group was significantly lower than that in the ectopic endometrial tissue (P < 0.01) (Figure 2B).

[image: Bar graphs showing ERRβ and ERRγ mRNA and serum levels across different tissue types and groups. Graph A and B depict ERRβ and ERRγ mRNA in normal endometrial, situ, and ectopic tissues. Graph C and D compare serum ERRβ and ERRγ levels between control and case groups. Graph E and F show ERRβ and ERRγ mRNA in infertile and non-infertile groups, illustrating significant differences marked by hashtags and asterisks. Each graph includes error bars indicating variability.]
Figure 2 | Expression levels of ERRβ/ERRγ. (A) Relative expression level of ERRβ mRNA. (B) Relative expression level of ERRγ mRNA. (C) Serum ERRβ expression level. (D) Serum ERRγ expression level. (E) The relative expression level of ERRβ mRNA in the groups with or without infertility. (F) Relative expression level of ERRγ mRNA in the groups with or without concomitant infertility. except *P < 0.05; **P < 0.01; #P > 0.05.

The serum ERRβ levels in the case group were like those in the control group, with a statistically non-significant difference (P > 0.05; Figure 2C). Furthermore, the serum levels of ERRγ in the case group and the control group were non-significantly different (P > 0.05; Figure 2D).




3.2 Correlation of ERRβ and ERRγ mRNA in case group with fertility-related parameters

In the case group, the expression levels of ERRβ and ERRγ mRNA in ectopic and ectopic endometrial tissues were non-significantly associated with various fertility-related parameters, including age, BMI, serum AMH, Luteinizing hormone (LH), follicle-stimulating hormone (FSH), and the LH/FSH ratio (P > 0.05, Table 1). The expression level of ERRγ mRNA in ectopic endometrial tissue was non-significantly correlated with fertility-related parameters in the case group (P > 0.05). Furthermore, in the case group, the relative expression level of ERRγ mRNA in ectopic endometrial tissue was significantly negatively correlated with age, BMI, and serum FSH level (r = –0.367, P = 0.001; r = –0.323, P = 0.003; r = –0.306, P = 0.008), whereas it was positively correlated with AMH and the LH/FSH ratio (r = 0.289, P = 0.009; r = 0.233, P = 0.046) (Table 1).

Table 1 | Correlation between ERRβ mRNA and fertility-related indicators in the case group.


[image: Table showing correlation between ERRβ and ERRγ mRNA levels in situ and ectopic endometrial tissues with various fertility indicators like age, BMI, AMH, LH, FSH, and LH/FSH ratio. Significant correlations (p < 0.01) for ERRγ in situ are noted with age, BMI, AMH, FSH, and LH/FSH, with corresponding p values and correlation coefficients. Footnotes explain specific mRNA correlations and significance levels.]



3.3 Relationship between Infertility and ERRβ and ERRγ mRNA expression in the case group

In the case group, patients with and without infertility showed non-significant differences in age, BMI, serum AMH level, LH/FSH ratio, estradiol (E2) level, and CA125 level (P > 0.05). Comparison between the two groups revealed significantly lower levels of serum LH and FSH in the infertility group than in the non-infertility group (P = 0.021 and P = 0.035, respectively; Supplementary Table 2). We compared the expression of ERRβ and ERRγ mRNA in ectopic and ectopic endometrial tissues of patients with or without infertility in the case group (Figures 2E, F). The results indicated that irrespective of whether the endometrial tissue was ectopic or ectopic, the infertility group exhibited higher levels of ERRβ and ERRγ mRNA than the non-infertility group, but these differences were statistically non-significant (P > 0.05).




3.4 Relationship between ERRβ and ERRγ mRNA and serum CA125

In a follow-up study of 81 patients with severe EMs over 24 months postoperatively, 39 patients became pregnant, 41 remained non-pregnant, and 1 patient was lost to follow-up. The postoperative pregnancy success rate in the case group was 48.8% (39/80). Patients were divided into two groups based on postoperative pregnancy outcomes in the severe EMs cohort (Supplementary Table 3).

As demonstrated in Figure 3A, ERRβ mRNA expression in both ectopic and in situ endometrial tissues showed no statistically significant differences among patients with different serum CA125 levels (P > 0.05). In contrast, patients with severe endometriosis in the high CA125 group exhibited a significant increase in ERRγ mRNA expression in ectopic endometrial tissue compared to the normal CA125 group (P < 0.01) (Figure 3B). However, there was still no statistically significant difference in ERRγ mRNA expression in in situ endometrial tissues between these groups (P > 0.05). ROC curve analysis was performed to further assess the predictive value of ectopic endometrial ERRγ mRNA expression and serum FSH levels in predicting postoperative pregnancy success in patients. The results revealed that the area under the curve (AUC) for ERRγ and 1/FSH was 0.716 and 0.699, respectively. Interestingly, when combined, the predictive value for postoperative pregnancy success increased significantly (AUC = 0.774; P < 0.001; sensitivity = 0.667; specificity = 0.805), demonstrating a more robust predictive performance (Figure 3C). The case group was divided into two subgroups based on the ERRγ cutoff value. One subgroup had ERRγ mRNA < 1.004 with an average age of 35.79 years and median time to pregnancy of 20.949 months. The other subgroup had ERRγ mRNA ≥1.004 with an average age of 30.62 years and median time to pregnancy of 14.098 months. Survival analysis showed a significant difference between the two groups (P < 0.001) (Figure 3D).

[image: Panel A and B show violin plots of relative ERRγ and ERRα mRNA expression in situ and ectopic tissues across serum CA-125 levels. Panel C displays an ROC curve comparing ERRγ, 1/FSH, and ERRγ+1/FSH. Panel D presents a Kaplan-Meier plot of non-pregnant rate over time, comparing groups with ERRγ levels less than and greater than or equal to 1.004, with a significant log-rank p-value.]
Figure 3 | (A) The relationship between serum CA-125 and endometrial tissue ERRβ mRNA. (B) Relationship between serum CA-125 and endometrial tissue ERRγ mRNA. (C) ROC curve predicts postoperative pregnancy. (D) Non-pregnancy rate curves at 24 months after surgery in the case group. **P < 0.01; #P > 0.05.




3.5 Predictive factors for postoperative pregnancy in patients with severe EMs

In a follow-up study of 81 patients with severe EMs over 24 months postoperatively, 39 patients became pregnant, 41 remained non-pregnant, and 1 patient was lost to follow-up. The postoperative pregnancy success rate in the case group was 48.8% (39/80).

LASSO regression was used to screen variables in the verification set, and finally screened the 1SE criterion, and three significant predictors of postoperative pregnancy success included in the prediction model (age, ERRγ mRNA and FSH) (Figure 4). Multivariate Logistic regression analysis of the selected variables showed that ERRγ mRNA (OR 36.93, 95% CI: 3.24 ~ 656.16, P = 0.007) was statistically significant (Table 2). As showed in Figure 5, age, ERRγ mRNA and FSH were included in the construction of a nomogram model to predict the probability of postoperative pregnancy success (range of 0.1 to 0.9). Clinicians can make risk predictions based on nomogram pairs to formulate individualized treatment plans. After conducting 1000 internal Bootstrap self-sampling verification on the model, the Brier score was 0.175, indicating that the model had good calibration; the consistency statistic was 0.811, indicating that the prediction model had good discrimination (Figure 6A). DCA evaluates the clinical application value of the predictive model. It can be seen from Figure 6B that at around threshold probability 0.6, the prediction model constructed using the combined indicator of age +ERRγmRNA+FSH (blue line) had higher clinical application value than age +FSH (red line) for evaluation.

[image: Plot A shows coefficients in a LASSO regression model against log lambda values, with coefficients decreasing as lambda increases. Plot B displays binomial deviance against log lambda, showing deviance decreasing and then increasing, marked by red dots, with error bars.]
Figure 4 | Selection of predictors through the LASSO regression analysis. (A) The process involved tuning parameter (lambda) selection via 10-fold crossvalidation and plotting binomial deviance against log (lambda). The dotted vertical lines were plotted at the optimal values as per the 1-SE criteria. (B) LASSO regression coefficient profiles of variables. A coefficient profile plot was generated against the log (lambda) sequence. Three non-zero coefficients were selected and employed to establish the prognostic model.

Table 2 | The logistic regression analysis of postoperative pregnancy in the case group.


[image: Table displaying variables with their P values, odds ratios (OR), and 95% confidence intervals (CI). Age has a P value of 0.164, OR of 0.90, and CI of 0.77 to 1.04. AMH has a P value of 0.562, OR of 1.07, and CI of 0.86 to 1.38. ERRγ mRNA has a P value of 0.007, OR of 36.93, and CI of 3.24 to 656.16. LH has a P value of 0.967, OR of 0.99, and CI of 0.62 to 1.63. FSH has a P value of 0.279, OR of 0.86, and CI of 0.63 to 1.10. CI stands for confidence interval, and OR stands for odds ratio.]
[image: Nomogram for predicting pregnancy rates. It includes scales for points, age (46 to 18), ERRγmRNA levels (0.3 to 1.5), FSH levels (35 to 0), total points (0 to 200), and rate of pregnancy (0.1 to 0.9).]
Figure 5 | Nomogram predicts postoperative pregnancy success. The nomogram offers a means to predictive factors for postoperative pregnancy success. When using the nomogram, the points for each predictor (variable) of a patient on the uppermost rule should be located. Subsequently, the total points are obtained by adding all points. Ultimately, the corresponding predicted probability of postoperative pregnancy success on the lowest rule is identified.

[image: Chart A is a calibration plot showing actual versus predicted probabilities with logistic calibration and nonparametric curves. Chart B is a decision curve analysis displaying net benefit against high-risk thresholds for different models, including "Age+FSH" and "Age+FSH+ERRmRNA."]
Figure 6 | Verification of the nomogram model. (A) Nomogram calibration plot. The proximity of the solid line (signifying performance nomogram) to the dotted line (representing the ideal model) indicates the accuracy of the predictions of the nomogram. (B) Decision curve analysis of the nomogram. The red and blue solid line represents the nomogram. The graph displays the expected net benefit per patient in relation to the pregnancy success predicted by the nomogram.





4 Discussion

In this study, the relative expression levels of ERRβ and ERRγ mRNA in normal endometrial tissue were significantly higher in ectopic and ectopic endometrial tissues than in patients with severe EMs. However, there was a statistically non-significant difference in serum ERRβ and ERRγ levels between patients with severe EMs and the normal control group. Furthermore, ERRγ mRNA expression levels in ectopic endometrial tissue and serum FSH levels in patients with severe EMs were associated with postoperative pregnancy success. Patients with higher ERRγ expression levels and lower FSH levels had a higher success rate in achieving postoperative pregnancy.

Studies have revealed that similar to ERα and ERβ, ERRβ and ERRγ are members of the orphan nuclear receptor family. Like ERs, they can coordinate estrogen action through post-translational modifications, including phosphorylation, and exhibit significant sequence homology (25, 26). The functions of ERRs are also regulated by coactivators, including peroxisome proliferator-activated receptor γ coactivator (PGC)-1α and 1β (27). Both PGC-1α and PGC-1β are expressed in the human endometrium. In this study, ERRβ and ERRγ mRNA were relatively highly expressed in normal endometrial tissue. Cavallini et al. found that in patients with EMs, ERRγ mRNA and protein expression levels in ectopic endometrial tissue were significantly lower than those in ectopic endometrial tissue and normal endometrial tissue (28). ERRβ expression levels were similar across all three tissue types. In this study, patients with severe EMs (stages III and IV) showed a decreasing trend in the relative expression levels of ERRβ and ERRγ mRNA in both ectopic and ectopic endometrial tissues compared to normal endometrial tissue. The decrease in expression levels of both ERRβ and ERRγ was more pronounced in ectopic tissues. Additionally, ELISA assays measuring serum ERRβ and ERRγ levels revealed lower levels in patients with severe EMs compared to the normal population, although these results did not show statistical significance. This discrepancy could be attributed to the low expression levels of these receptors in the serum, potentially falling below the minimum detectable range of ELISA kits, leading to unstable experimental results.

Infertility is a major clinical manifestation of severe EMs (29, 30), yet research on characteristic biomarkers related to the impact of severe EMs on fertility outcomes remains limited. Tremblay G et al. discovered that the orphan nuclear receptor ERRβ is expressed in undifferentiated trophoblast stem cell lines and the extraembryonic endoderm, with 17β-estradiol serving as a ligand for ERRβ to regulate trophoblast stem cell differentiation (31). ERRβ expression during embryonic development defines a subset of the extraembryonic endoderm that leads to the formation of chorionic villi, suggesting an important role for ERRβ in embryonic development (32, 33). Additionally, C.E. Senner et al. found that ERRβ regulates early-stage development of the mouse trophoblast lineage, shedding light on a better understanding of human early trophoblast differentiation (34). Collectively, these studies suggest a significant role for ERRβ during early pregnancy. However, in our study, we observed a non-significant difference in ERRβ mRNA expression between patients with severe EMs, with and without infertility before surgery. Furthermore, we did not find any association between preoperative tissue ERRβ expression and postoperative pregnancy outcomes. Consequently, the relationship between ERRβ and postsurgical fertility potential in patients with severe EMs requires further exploration to understand its impact on reproductive success in this context fully.

ERRγ is highly expressed in the human placenta and significantly upregulated during human trophoblast differentiation (35). Studies have shown that microRNA may regulate trophoblast function by targeting ERRγ (36, 37). Researchers have found that ERRs play a crucial role in regulating the expression of various energy metabolism genes, influencing cellular behavior through pathways like glycolysis, lipid metabolism, and the tricarboxylic acid cycle (38–40). The results of this study imply that ERRγ may play a role in the ectopic development of endometriomas and potentially impact fertility outcomes. Additionally, correlation analysis revealed a negative association between ERRγ expression in ectopic endometrium and age, BMI, and serum FSH levels, while a positive correlation was observed with AMH levels. Higher levels of ERRγ in the ectopic endometrium are linked to better fertility potential, while lower levels may impact fertility. ERRγ could be a useful indicator of postoperative fertility in severe EMs.

In severe EMs, ectopic endometrial lesions are scattered throughout the pelvic cavity, leading to the formation of endometriotic cysts in various areas. This condition not only reduces ovarian reserve function, but surgical interventions may also affect ovarian function, thereby adversely affecting fertility (41). Anti-Müllerian hormone (AMH) is widely recognized as a marker of ovarian reserve, with several studies reporting that women with endometriosis (EMs) tend to have lower AMH levels compared to those with other benign gynecological conditions, such as ovarian cysts (10–12, 42, 43). However, in our study, we did not observe a significant difference in AMH levels between the case and control groups. This discrepancy may be explained by the sample size of our study which might have limited the statistical power to detect subtle differences between the groups. Studies on postoperative pregnancies in patients with deeply infiltrating EMs have shown a pregnancy rate of approximately 40%–42% (44). In our study of 80 patients with severe EMs, the pregnancy rate within two years postoperatively (including natural and assisted reproduction) was 48.8%. Patients experiencing infertility within two years post-surgery typically have lower preoperative levels of AMH, which aligns with previous research findings (45).

In the process of ageing in females, fertility diminishes, characterized by declining levels of AMH and rising basal Follicle Stimulating Hormone (FSH) concentrations, which coincide with diminished oocyte integrity. Such deterioration in oocyte quality is likely attributed to escalated oxidative stress and DNA damage, alongside decreased metabolic and meiotic capabilities (46). In our study, a significant association was noted between reduced preoperative FSH levels and increased likelihood of achieving pregnancy following surgery. This suggests that lower FSH levels might serve as a protective mechanism, mitigating the excessive reduction of follicular reserves and thereby preserving reproductive potential. Moreover, Zaramasina L. Clark and colleagues identified a negative association between the dosage of FSH and rates of live births (47), a phenomenon potentially linked to the activation of FSH receptors which may interfere with the quantity of oocytes in patients with endometrial ectopic conditions (48). We also found that patients with higher preoperative ERRγ mRNA levels in ectopic endometrial tissue had significantly higher success rates in achieving pregnancy within two years postoperatively than those with lower ERRγ mRNA expression levels. ERRγ showed high sensitivity and specificity in predicting postoperative pregnancy outcomes, indicating its potential predictive value for fertility in patients with severe EMs following surgery.

While this study has yielded important results, it is essential to recognize its limitations. Firstly, the study sample size was small, potentially leading to experimental biases and restricting the applicability of the findings. Secondly, there was a lack of postoperative assessment or comparison of longitudinal changes in ERRγ expression levels in ectopic endometrial tissue. Lastly, the follow-up of postoperative pregnancies may not fully account for other variables that could impact ovarian function and fertility. To ensure a thorough comprehension of the impact of surgery on fertility, it is imperative to take into consideration and acknowledge these factors. Enhancing the validity and applicability of our research findings can be achieved by overcoming these limitations through the utilization of larger sample sizes, longitudinal studies, and more comprehensive follow-up assessments.




5 Conclusion

In conclusion, ERRβ and ERRγ show different levels of expression in severe EM patients compared to those with normal endometrium, indicating a potential link between these genes and severe EMs’ development. ERRγ is more highly expressed in severe EMs patients without infertility, but decreases in those with infertility. Higher preoperative ERRγ expression in the ectopic endometrium may predict postoperative pregnancy success. This study provides a foundation for future investigations of the pathogenesis of severe EMs and its impact on fertility outcomes.
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Purpose

Infertility is affecting more and more couples of appropriate age. Hysteroscopy (HSC) has certain effects on the uncompleted pregnancy and live birth caused by uterine microenvironment. Based on the evidence, this paper systematically evaluates the effectiveness and safety of HSC intervention on the fertility outcome of female infertility.





Methods

Randomised controlled trials (RCTS) of hysteroscopy intervention in female infertility were included in the literature database. The retrieval time was from the establishment of the database to December 10, 2022. RevMan 5.4 software was used for statistical analysis to study the effects of HSC on clinical pregnancy rate, live birth rate and abortion rate.





Results

A total of 14 RCTS were included. Five studies evaluated the effect of HSC on live birth rate, and HSC had an overall positive effect on live birth rate. Fourteen studies evaluated the effect of HSC on clinical pregnancy rates, and preoperative HSC was associated with significant improvements in pregnancy rates for both first-time IVF/ICSI patients and repeat IVF/ICSI patients. Eight studies showed no significant difference in the effect of HSC on miscarriage rates.





Conclusion

As a visual examination/treatment technique, HSC can improve the clinical pregnancy rate and live birth rate in most studies, while the risk of abortion is within the acceptable range, and can be used as a recommended examination method for infertile women.
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1 Introduction

Infertility is a fertility disorder caused by a variety of causes. Infertility is the third major disease after tumor, cardiovascular and cerebrovascular diseases, and the incidence in developing countries is higher than that in developed countries (1). The findings of the latest report from WHO show that 1 in 6 people globally are affected by infertility in their lifetime (2).

Failure to establish a clinical pregnancy after 12 months of regular unprotected sexual intercourse, or due to impaired fertility in the individual or with their partner, is called infertility (3). Infertility can be divided into primary and secondary infertility according to whether the woman or the man has a clinical pregnancy history with his spouse. According to the etiology, it can be divided into female factor infertility, male factor infertility and unexplained infertility (4). The causes of female infertility mainly include ovulation disorders and pelvic factors. Poor ovulation function accounts for about 15% of all infertile couples and 40% of female infertility (5). Reduced ovarian reserve, anatomic, endocrine, genetic, functional, or immune abnormalities of the reproductive system, chronic diseases, and sexual conditions incompatible with coitus are also causes.

Assisted reproductive technology (ART) is one of the most important medical breakthroughs of the 20th century. For infertile couples, it undoubtedly brings more possibilities for them to be able to have their own children. In ART, the success rate of pregnancy is related to many factors such as patient age, embryo quality, endometrial receptivity and intrauterine environment, among which the intrauterine environment and embryo quality are particularly important. At present, most patients can have high-quality embryos for transfer, but the clinical pregnancy rate is still not satisfactory. Ultrasonography (US), especially transvaginal ultrasound (TVUS), can be used to screen women for possible ovarian, endometrial, or uterine abnormalities and to examine fertility problems. This assessment can be enhanced by hysterosalpingogram (HSG) and saline infusion/gel instillation sonography (6, 7). However, because the above method is indirect examination, it is easy to miss diagnosis and misdiagnosis for mild uterine abnormalities, and the nature of uterine lesions cannot be clearly defined. Relatively speaking, hysteroscopy technology has the advantages of intuitive, accurate, convenient pathological biopsy and surgical treatment. With the development of hysteroscopy technology over the decades, the complications of the procedure have become fewer and the safety has greatly improved. Due to the close connection between hysteroscopy technology and the development of technology (camera technology, micro uterine lens, photo imaging, expansion media, etc.), the current technological development has been enough to meet the needs of hysteroscopy. Hysteroscopy has gradually become the “gold standard” test for evaluating the uterus because it can directly show the uterine cavity and its associated pathological diseases and treat any abnormalities found.

Nevertheless, a practical question remains: for intrauterine assessment, does hysteroscopy, as the gold standard, improve reproductive outcomes relative to ultrasound or saline infusion (8)? When there is clinical evidence, hysteroscopy can be used as part of the initial examination of infertility patients, but it is not the first examination, because its effectiveness in improving reproductive outcomes has not been determined (9).

Therefore, scholars have been reassessing the clinical significance of hysteroscopy in the diagnosis and treatment of infertility in terms of uterine factors and its role in the examination of infertility.

Zhang HY compared the effect of hysteroscopic polypectomy treatment and no treatment on pregnancy outcomes of patients receiving ART (10).​ Mao XY explored whether hysteroscopy could improve IVF outcomes for patients with recurrent implantation failure (RIF) before the start of the IVF cycle (11). In addition to studying the effect of hysteroscopy on the pregnancy outcome of infertile patients undergoing assisted reproductive technology, some scholars have also studied the effect of hysteroscopy on improving the reproductive outcome of infertile couples. Yang studied the effect of diagnostic hysteroscopy on reproductive outcomes in infertile women without intrauterine lesions (12).

This study aimed to conduct a meta-analysis of the latest randomised controlled trials to evaluate the efficacy of hysteroscopy in improving reproductive outcomes in infertile couples. Because hysteroscopy may help improve reproductive outcomes.

Given the potential for diagnostic and/or surgical hysteroscopy to improve reproductive outcomes at different stages of the diagnostic and therapeutic efforts of infertile couples, we included all available randomised controlled trials (RCTs), whether diagnostic hysteroscopy or concurrent surgical hysteroscopy, or a second surgical hysteroscopy in infertile women diagnosed with abnormal uterine cavity. Similarly, we included patients who underwent hysteroscopy prior to their first attempt at standard IVF or ICSI, and those who underwent hysteroscopy prior to their next IVF/ICSI attempt after one or more failed IVF/ICSI attempts.




2 Methods



2.1 Inclusion criteria

	(1) Study type: all studies had to be randomised controlled trials (RCTs);

	(2) Subjects: All infertile women with or without uterine cavity abnormalities diagnosed by ultrasound (US), salpingography (HSG), or SIS/GIS, registered during basic infertility testing (including IUI), and before being a candidate for any ART, Infertile women in their first attempt at IVF/ICSI or who have experienced one or more failed IVF/ICSI attempts;

	(3) Intervention: Experimental group intervention: diagnostic or surgical hysteroscopy was performed during the first infertility examination or before the first or subsequent ART attempt (IVF/ICSI). Control group: no hysteroscopy was performed before the first or second IVF/ICSI attempt.

	(4) Outcome measures: Primary outcome measure: live birth rate (LBR), defined as delivery of a live baby after 20 weeks of gestation resulting in at least one live birth. Births resulting from singleton births, twin births, or multiple pregnancies were counted as a live birth.



Secondary outcome: clinical pregnancy rate, defined as the detection of one or more gestational sac by means of ultrasound visualisation or the diagnosis of pregnancy by confirmed clinical signs of pregnancy; Miscarriage rate, defined as spontaneous abortion of clinical pregnancy before 20 complete weeks of gestation; Procedure-related complications, defined as any complications arising from hysteroscopy.




2.2 Exclusion criteria

(1) Intervention measures: previous use of other treatment regimens or combined with other treatment regimens were excluded; (2) Duplicate publication, incomplete data, and inability to obtain the full text.




2.3 Data sources

PubMed, The Cochrane Library, Embase, China National Knowledge Infrastructure (CNKI), VIP, Wanfang and Chinese Biomedical Literature Database (SinoMed) were searched. The search time was from the establishment of the database to December 10, 2022. In addition, the references of the included articles were searched to supplement the acquisition of relevant information. The search took the form of a combination of free words and subject words. Take the Pubmed database as an example:

((“Pregnancy Rate”[Mesh]) OR (Rates, Pregnancy)) AND (((((((“Hysteroscopy”[Mesh]) OR (Hysteroscopies[Title/Abstract])) OR (Uterine Endoscopy[Title/Abstract])) OR (Uteroscopy[Title/Abstract])) OR (Uteroscopies[Title/Abstract])) AND ((“Infertility”[Mesh]) OR (((((“Sterility, Reproductive”[Title/Abstract]) OR (Sterility[Title/Abstract])) OR (Reproductive Sterility[Title/Abstract])) OR (Subfertility[Title/Abstract])) OR (Sub-Fertility[Title/Abstract])))) AND ((randomised controlled trial[pt] OR controlled clinical trial[pt] OR randomised[tiab] OR placebo[tiab] OR drug therapy[sh] OR randomly[tiab] OR trial[tiab] OR groups[tiab]) NOT (animals[mh] NOT humans[mh]))).

With the above search terms as keywords, according to the characteristics of different databases, comprehensive search is carried out in subject, title, full text, etc.




2.4 Data extraction

Two investigators independently extracted data according to the inclusion and exclusion criteria, and a third party assessor participated in the discussion and decision in case of disagreement. The extracted information included general characteristics of the literature (first author, region, year, literature type, etc.), treatment regimens, diagnosis and treatment standards, and outcome indicators.




2.5 Quality evaluation

The literature was evaluated according to the “risk of bias assessment tool” used in Cochrane systematic reviews. The evaluation included randomised sequence generation, allocation concealment, blinding, completeness of outcome data, selective outcome reporting, and other biases. The results were expressed according to high risk of bias, unclear risk of bias, and low risk of bias.




2.6 Statistical methods

Revman5.4 statistical software provided by Cochrane Collaboration was used. relative risk (RR) and 95% confidence interval (CI) were used as statistics for binary variables. The weighted mean difference (WMD) or standard mean difference (SMD) and its 95% confidence interval (CI) were used as statistics for continuous variables. The Q test was used to analyse the statistical heterogeneity of the included studies, and I2 statistic was used to evaluate the statistical heterogeneity among the included studies. When there was no heterogeneity or the heterogeneity was small (I2 ≤ 50%), the fixed effect model was used for Meta-analysis. If there was a large heterogeneity (I2 > 50%) between studies and the clinical heterogeneity was not obvious, the random-effects model was used for meta-analysis. When there is significant heterogeneity, the source of heterogeneity should be analysed.




2.7 Grade of evidence

We also assessed the overall quality of evidence for the primary outcome using the GRADE approach, which takes into account not only issues related to internal validity but also external validity, such as directness of results (i.e., agreement between the populations, interventions, or outcomes measured in the studies actually found and those considered in our systematic review), inconsistent results between the included studies, and the lack of consistency in the findings. Imprecise results due to small sample size or few included studies, publication or outcome reporting bias.





3 Results



3.1 Results of literature screening

Literature search results: A total of 3941 articles in Chinese and English were screened out. The PubMed, The Cochrane Library, Embase, CNKI, SinoMed, Wanfang and VIP were 109, 30, 102, 871, 909, 1490 and 430, respectively. After removing duplicates, 2176 articles were left. Finally, 14 literatures met the inclusion criteria, including 10 English literatures and 4 Chinese literatures, as shown in Figure 1 (13–26).

[image: Flowchart depicting the study selection process via databases and registers: Initially, 3,941 records were identified. After removing 1,765 duplicates, 2,176 records were screened. Out of these, 891 reports were sought for retrieval, with 1,285 not retrieved. Thirty full-text articles were assessed, and 16 were excluded based on criteria and lack of information. Fourteen studies were included in the review.]
Figure 1 | Flow diagram of literature retrieval..




3.2 Basic characteristics of the included studies



3.2.1 Comparison of patient types and interventions

Six studies included infertile women undergoing IVF-ET/ICSI for the first time. (13, 14, 16, 18, 19, 25); two studies included women after their first failed IVF-ET (20, 26); and three studies included primary infertile women with two or more failed IVF-ET cycles (15, 17, 21); three studies included infertile women without mentioning whether they had undergone assisted reproductive technology or not. (22–24).




3.2.2 Timing of hysteroscopy

In Hu (18) and Li (19), hysteroscopy was performed and treated accordingly before the first IVF-ET cycle, followed by an IVF-ET cycle. In Elsetohy (16) and Smit (25), hysteroscopy was scheduled in the early-mid follicular phase (days 3-12) of the menstrual cycle, and ICSI was performed within 3 months of hysteroscopy. In Alleyassin (14), hysteroscopy was performed on days 18 to 22 of the menstrual cycle. In Abid (13), diagnostic hysteroscopy was scheduled at mid-follicular stage. In Smit (25), hysteroscopy 1-3 months before starting IVF treatment. In Mei (20), patients underwent hysteroscopic electrosurgery at 3-7 days after the end of the menstrual period 1 month before freeze-thawed embryo transfer. In Wu (26), patients were examined using hysteroscopy 2-7 d after the patient’s menstrual period was cleared. In Demirol (15), all office hysteroscopies were performed 2 to 6 months after the last failed IVF cycle by the same physician. In El-Toukhy (17), outpatient hysteroscopy was performed within 14 days of menstruation and the IVF treatment cycle was started within the following month according to the standard IVF protocol. In Shawki (23) and Rama Raju (21), ICSI was performed after office hysteroscopy. in Shokeir (24) a single, site-specific endometrial injury was performed under hysteroscopic guidance from day 4 to day 7 of the menstrual cycle.




3.2.3 Countries

Four studies were conducted in China, four studies were conducted in Egypt and one each in Tunisia, India, Netherlands, Turkey and Iran. One was a multicentre study conducted in seven centres in the UK, Italy, Belgium and the Czech Republic. For a detailed description of the included studies, see Tables 1, 2.

Table 1 | Basic characteristics of the included studies.


[image: A table displaying data from multiple studies on infertility treatments, detailing countries, case numbers, inclusion criteria, treatment interventions, control groups, and outcomes. Each row corresponds to a different study, listing specifics such as eligibility criteria, procedures like hysteroscopy, and outcomes including pregnancy rates and live birth results. The table is formatted with a structured layout, allowing for comparison across various studies.]
Table 2 | Reported hysteroscopic findings in the intervention group.


[image: Table displaying hysteroscopy findings from six studies. Demirol2004: 154 normal, 56 abnormal with various conditions. Elsetohy2015: 55 normal, multiple abnormalities listed. El-Toukhy2016 reports cervical and uterine abnormalities. Rama Raju2006: 160 normal, several conditions identified. Seyam2015: 70 normal, specific abnormalities noted. Shawki2012: 70 normal, includes endometrial and other issues. Each study lists different conditions and respective counts.]




3.3 Risk of bias in included studies

See Figures 2, 3.

[image: Bar chart showing different types of bias in a study, divided into low, unclear, and high risk categories. Green indicates low risk, yellow for unclear risk, and red for high risk. Categories include selection bias, performance bias, detection bias, attrition bias, reporting bias, and other bias.]
Figure 2 | Risk of bias.

[image: A bias assessment chart for multiple studies evaluates categories such as random sequence generation, allocation concealment, blinding of participants and outcome assessment, incomplete outcome data, selective reporting, and other biases. Symbols indicate low risk (green plus), unclear risk (yellow question mark), and high risk (red minus) for each study.]
Figure 3 | Risk of bias summary.




3.4 Outcome of the intervention



3.4.1 Live birth rate

Only five studies assessed this result. Five studies of 2,277 subjects found that LBR was higher in the hysteroscopy group than in the control group (RR 1.30, 95% CI 1.04-1.64, I2 = 71%, P=0.007), and the difference was significant (P=0.02<0.05) (see Figure 4). The quality of the evidence was judged to be moderate. Three of the studies reported on the outcomes of women who underwent an attempt at hysteroscopy before their first IVF/ICSI, and in a subgroup analysis of 1077 women who underwent hysteroscopy before their first IVF/ICSI procedure, we found that hysteroscopy was superior to the non-hysteroscopy group (RR 1.31, 95% CI 0.90-1.90, I2 = 76%, P=0.02), but the difference was not significant (P=0.15 > 0.05). The quality of the evidence was judged to be very low (see Figure 4). In a subgroup analysis of 1191 women with implantation failure (one or more) after IVF/ICSI reported in 2 studies, hysteroscopy was similarly found to be superior to the non-hysteroscopic group (RR 1.33, 95% CI 0.85-2.08, I2 = 80%, P=0.03), but the difference was not significant (P=0.21>0.05). The quality of evidence was judged to be very low (see Figure 5).

[image: Forest plot showing a meta-analysis of studies comparing outcomes with and without hysteroscopy before IVF/ICSI. Two subgroups reflect first attempts and failures; each provides risk ratios, confidence intervals, and weights. The overall risk ratio is 1.30 [1.04, 1.64]. Diamonds represent combined estimates, with the overall analysis favoring the experimental group.]
Figure 4 | Forest plot of live birth rates.

[image: Clinical data table comparing pregnancy, live birth, and abortion rates for infertility. Organized by number of studies, design, risk factors, and effect measures such as relative risk and absolute effect. Each section details specific outcomes before and after certain treatments like IVF/ICSI, and is categorized by quality and importance.]
Figure 5 | Results of evidence quality.




3.4.2 Clinical pregnancy rates

Fourteen studies including 3985 participants. Hysteroscopy (RR 1.59,95% CI 1.34-1.89, I2 = 75%, P<0.00001) was superior to hysteroscopy with a significant difference (P<0.00001)(see Figure 6). These results were confirmed in subgroup analyses of 2, of which 1828 subjects included only women with implantation failure after IVF/ICSI (RR 1.62,95% CI 1.18-2.24, I2 = 76%, P = 0.0009), and 2157 subjects in the remaining 9 studies underwent hysteroscopy before the first IVF/ICSI procedure (RR 1.61,95% CI 1.27-2.04, I2 = 79%, P < 0.0001). The quality of evidence was judged to be low (see Figure 5).

[image: Forest plot showing risk ratios for hysteroscopy before first IVF/ICSI and after one or more failures. Studies compare events with and without hysteroscopy. Risk ratios and confidence intervals are displayed, with overall effect sizes. Heterogeneity statistics are included. Diamonds represent pooled estimates, and horizontal lines indicate confidence intervals.]
Figure 6 | Forest plot of pregnancy birth rates.




3.4.3 Abortion rate

Eight studies evaluated the impact of hysteroscopy on miscarriage rates, with no significant difference between intervention and control groups (RR 1.06,95% CI 0.83-1.35, I2 = 24%, P = 0.24), and no between-group difference between the two subgroup analyses of women who underwent hysteroscopy before their first IVF/ICSI procedure and those who had failed implantation after IVF/ICSI (P = 0.94)(see Figure 7). The quality of evidence was judged to be low (see Figure 5).

[image: Forest plot showing risk ratios with confidence intervals for studies comparing outcomes with and without hysteroscopy before IVF/ICSI. The plot includes subgroup analyses for first and repeated IVF/ICSI failures. Diamonds indicate overall effect sizes for subgroups and the total. Individual study results are represented by squares, with horizontal lines depicting confidence intervals. The plot suggests a neutral overall effect with risk ratios close to one, and includes heterogeneity statistics for each subgroup and overall analysis.]
Figure 7 | Forest plot of abortion rates.




3.4.4 Complications

A total of 4 studies observed complications, but only one study (25) found one complication in the hysteroscopy team. One patient in the hysteroscope group developed endometritis.





3.5 Sensitivity analysis

By excluding individual studies one by one, the changes in the combined effect size of each outcome indicator were observed. The results showed that the combined RR values were similar during the exclusion process, indicating that the results of this Meta-analysis were stable.





4 Discussion



4.1 Main findings of the study

This study was conducted to evaluate the efficacy of hysteroscopy in the treatment of infertile women. In this study, 14 RCT clinical studies were screened by literature search. After Meta-analysis, it was found that the implementation of hysteroscopy before IVF or ICSI can improve the live birth rate in infertile women in general and can significantly improve the clinical pregnancy rate, regardless of whether these infertile women have taken IVF/ICSI before. Despite the lack of statistical significance, in other words, this may just be a trend, we still saw a slight advantage in pregnancy rates and live birth rates after hysteroscopy prior to the first IVF or ICSI treatment. Meanwhile, our study found that the implementation of hysteroscopy did not have a significant effect on the occurrence of miscarriage rate, and in terms of the observation of complications, there were no facts and evidence of inducing significant complications, with only one case of complication in the hysteroscopy group in one study.




4.2 Significance of the study

Embryo implantation is a complex process, and the success of embryo implantation depends on two main conditions: the degree of embryo development and endometrial tolerance. As the application of ART technology expands, endometrial tolerance is widely recognised as a key factor in the success of ART technology. In the past, when technology was not as advanced, we could only rely on ultrasound for indirect knowledge of the uterine cavity, and at that time there were more patients with unexplained infertility. As technology has evolved we have been able to gain a deeper understanding of the internal environment of the uterine cavity, for example, hidden microscopic lesions in the uterine cavity can affect the intrauterine environment and lead to poor pregnancy outcomes (21). For humans, the uterus is their first home. Dr. Linda Bradley at the Cleveland Clinic has said the hysteroscope should be considered the stethoscope for the uterus (8). As is known to us all, hysteroscopy has evolved from a traditional technique for the diagnostic purpose of examining the uterine cavity to a valuable means of simultaneously diagnosing and treating a variety of intrauterine lesions, particularly in a field increasingly focused on female reproduction. Although a variety of tests are now available for non-invasive or minimally invasive examination of reproductive organs such as the endometrium and the uterine cavity, the relative sensitivity and specificity of ultrasound, saline infusion ultrasound and hysteroscopy for the detection of endometriotic lesions in prospective comparisons were 89% and 56%, 91.8% and 60%, and 97.3% and 92%, respectively.

Hysteroscopy has evolved from the traditional art of examining the uterine cavity for diagnostic purposes to a highly valuable modality for diagnosing and (viewing and) treating a wide range of intrauterine pathologies simultaneously. In addition, the local endometrial injury caused by hysteroscopy can improve endometrial blood circulation, increase endometrial tolerance, and improve clinical pregnancy outcomes in IVF-ET patients (27). For infertile women, a successful clinical pregnancy with a healthy delivery is eagerly awaited, and whether or not hysteroscopy can provide such a benefit with improved uterine environment and endometrial tolerance has been concluded differently in different studies. There is also uncertainty as to what point in time hysteroscopy should be performed. Therefore, a systematic evaluation encompassing as many studies as possible is necessary.

According to Stamenov, although hysteroscopy is still an invasive procedure and requires an experienced operator to ensure optimal treatment outcomes, it has the unique advantage of simultaneous visualisation for diagnosis and treatment prior to IVF/ICSI - in short, hysteroscopy should be recommended as a first-line procedure for all female infertility patients (28).

Hysteroscopy has extensive clinical value for a wide range of uterine conditions that are more easily diagnosed and treated symptomatically under visualisation. For example, chronic endometritis is recognised as a potential cause of primary and secondary infertility, and all women with a diagnosis of infertility should be screened for chronic endometritis and treated aggressively. It has been reported that chronic endometritis may be present in more than 60% of women with repeated implantation failures and recurrent miscarriages (29). And endometrial samples collected hysteroscopically show higher specificity and predictive value than other sampling methods (30–32). Similarly, other common disorders such as uterine adhesions, adenomyosis, T-shaped uterus, and mediastinal uterus can be better clinically benefited by hysteroscopy to improve pregnancy outcomes.

This Meta-analysis found that although the use of hysteroscopy prior to IVF/ICSI was not statistically significant in the subgroup analyses for the improvement of live birth rates, this may be due to the fact that fewer live birth rates were observed in the included studies, with a total of only 5 studies observing live birth rates. Overall Meta-analysis of the 5 studies showed that hysteroscopy is effective in improving live birth rates, which gives more confidence and evidence-based clinical evidence. Due to the low cost of observing clinical pregnancy rates, more studies have included indicators of clinical pregnancy rates, and although the definition of clinical pregnancy rates may vary between them, the use of hysteroscopy preoperatively in both first-time preoperative and recurrently failed patients has been shown to provide a clear benefit in improving clinical pregnancy outcomes. We also looked at miscarriage rates and found that hysteroscopy had no significant effect on miscarriage rates in patients with first-time or recurrent implantation failure. Among the 14 included studies, 4 reported the observation results of complications, and only one study found one case of endometritis in the hysteroscopy group. In fact, the incidence of infection caused by hysteroscopy is relatively low, which is reported in the literature to be approximately 0.01% - 0.2%. Therefore, in our study, hysteroscopy is regarded as a better and safer option. Regarding the timing of hysteroscopy, relatively more rigorous studies would mention that, for instance, most studies suggest that it is preferably conducted during the early to mid-follicular phase after menstruation is over. The reason is that during this period, menstruation is clean, the surgical field of vision is better, the endometrium is thinner, facilitating observation. Meanwhile, shallow-positioned polyps disappear spontaneously with the shedding of the endometrium, saving operational steps. Additionally, the risk of pregnancy during the early follicular phase is lower, which is also a necessary consideration for safety. Of course, sometimes, in order to reduce the number of patient visits and relieve patients’ anxious and impatient emotions, it is understandable to relax the requirements of the timing.

Based on the systematic evaluation and literature review, we recommend that hysteroscopy should be actively chosen for infertile patients to clarify the micro and macro environment of the uterine cavity, and to provide timely and effective microscopic management of intracavitary lesions that may affect the rate of conception and live births, with a stable safety profile and definite efficacy in assisting conception.

The limitations of this systematic evaluation are: (1) multiple outcome indicators existed with large heterogeneity among studies, mainly due to inconsistencies in baseline and differences in experimental methods among studies; (2) the sample sizes of the five literatures were small; (3) methodological limitations existed in some of the studies, and there was selective bias and implementation bias; (4) the outcome indicators varied among different literatures; (5) the majority of the literature did not adequately report adverse reactions; (6) analysis of publication bias using a funnel plot revealed poor positional symmetry in the literature, suggesting the possibility of publication bias.

None of the included studies had conducted multicentre large-sample clinical trials, and the methodological quality was generally poor. More high-quality clinical trials should be conducted, random sequence generation and allocation concealment schemes should be developed, blinding should be strictly implemented in accordance with the trial design, quality control during the trial process should be improved, and awareness of clinical trial registration should be raised, and study protocols should be registered in advance in order to standardise the process of study implementation and to provide more reliable study conclusions.





5 Conclusion

In conclusion, considering the convenience, practicality, effectiveness and safety of hysteroscopy, choosing hysteroscopy for infertile women can improve clinical pregnancy and live birth rates. because of the poor quality of the included studies, more high-quality RCTs are needed in the future to corroborate the results of this systematic evaluation and to provide high-quality, evidence-based medical evidence for the treatment of infertile women to improve pregnancy outcomes.
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Background

Endometriosis is characterized by the ectopic growth of endometrial-like cells, causing chronic pelvic pain, adhesions and impaired fertility in women of reproductive age. Usually, these lesions grow in the peritoneal cavity in a hypoxic environment. Hypoxia is known to affect gene expression and protein kinase (PK) activity. We aimed to explore the changes in the transcriptome and PK activity characteristic of eutopic and ectopic endometrium in endometriosis under hypoxia.





Methods

Eutopic (EuESCs) and ectopic (EcESCs) endometrial stromal cells were exposed to hypoxia (1% O2) or normoxia (20% O2) for 48 hours. We assessed PK activity and examined transcriptome using mRNA-seq in cells cultured under hypoxic or normoxic conditions. Enzyme-linked immunosorbent assay, quantitative reverse transcription-PCR and immunohistochemistry were performed for the downstream analysis of Transforming Growth Factor Beta Induced (TGFBI) expression.





Results

The kinase assay revealed a minor decrease in cAMP-dependent PK (PKAc) and Akt activity and a trend towards an increase in Rho-dependent PK (ROCK) activity in response to exposure to hypoxic conditions in EcESCs. A wider examination of the hypoxia-mediated changes in transcriptomes of cultured cells revealed that the genes related to aerobic glycolysis and cellular metabolism were upregulated in EuESCs exposed to hypoxia. In contrast, EcESCs had a single differentially expressed gene (TGFBI) upregulated under hypoxic conditions. This gene was also found to be overexpressed in EuESCs exposed to hypoxia vs normoxia, and in EcESCs vs EuESCs in normoxia. The level of secreted TGFBI in the spent culture media was accordingly high in the EcESC cultures and in the EuESC culture exposed to hypoxia. In the eutopic endometrial tissue biopsies, TGFBI mRNA and protein expression depended on the menstrual cycle phase, with higher levels observed in the proliferative phase. TGFBI staining showed the protein localized to the stroma and around the blood vessels. In the secretory phase, TGFBI protein expression was stronger in ectopic endometrium compared to paired eutopic endometrium.





Conclusions

Within this study, we showed hypoxia-mediated transcriptome changes characteristic of EuESCs and EcESCs and identified TGFBI as a potential therapeutic target for endometriosis due to its role in fibrosis and angiogenesis.





Keywords: endometriosis, hypoxia, stromal cell cultures, transcriptomics, peritoneal lesions, TGFBI




1 Introduction

In endometriosis, endometrial-like cells grow and form lesions (ectopic endometrium, EcE) outside the uterus in a hypoxic microenvironment of the peritoneal cavity. Hypoxia is known to play an important role in endometriosis by regulating cell metabolism, growth, adhesion, and angiogenesis in developing endometriotic lesions (1, 2). The markers of hypoxia, adhesion, and invasion were found to be increased in the ectopic endometrial stromal cells (EcESCs) compared to the eutopic endometrial stromal cells (EuESCs) in women with or without endometriosis (3). Alterations in energy metabolism favoring aerobic glycolysis and inhibiting oxidative respiration were also observed in the EcESCs (3, 4), resembling the metabolic switch in the Warburg effect characteristic of cancer cells (5, 6).

Several metabolic markers, including hypoxia-inducible factor 1-alpha (HIF1A), pyruvate dehydrogenase kinase 1 (PDK1), and lactate dehydrogenase A (LDHA) were reported to be elevated at RNA and/or protein levels in EcE (7, 8), together with an increase in glucose uptake, lactate production, oxygen consumption, and cellular adenosine triphosphate (ATP) levels (7). Lactate, known to promote cell migration and angiogenesis in cancer (9), has been shown in vitro to regulate various processes like cell migration, invasion, and proliferation in EcESCs (10). The importance of hypoxia in the development of endometriosis was also supported by a study showing its potentiating effect on HIF-1α and integrins expression and adhesion capacity of endometrial cells important in the context of fibrosis (11). Moreover, transforming growth factor β (TGF-β) signaling activated under hypoxic conditions plays an important role in pro-fibrotic processes in the development of endometriosis (12).

Hypoxia has been demonstrated to stimulate angiogenesis in endometriotic lesions, with the adjacent peritoneum as a source for vessel branching (13). The elevated levels of pro-angiogenic factors like vascular endothelial growth factor-A (VEGF-A) (14), a downstream effector of TGF-β1, have been identified in endometriotic lesions (13, 15). Both VEGF-A receptors and TGF-β1 receptors represent distinct families of receptor protein kinases (PKs) that induce downstream signaling upon binding of the activating factors. In vitro studies have revealed that hypoxia affects the activity and/or localization of intracellular PKs (16–18). Constituting a family of over 530 members, PKs are crucial mediators in different cellular processes that can be related both to the normal functioning of various tissues as well as pathological conditions (19). For instance, we have previously shown that the activity of kinases like cAMP-dependent protein kinase (PKAc), Rho-associated protein kinase (ROCK), protein kinase B (Akt/PKB), and casein kinase 2 (CK2) is altered during decidualization in vitro (20). Interestingly, these same kinases have been implicated in the pathogenesis of endometriosis (21–25) and may contribute to the adaptation of cells to metabolic changes to support the growth of endometriotic lesions in a challenging environment like hypoxia.

In this study, we aimed to investigate how exposure to a hypoxic environment affects the activity of PKs and transcriptomic profile of the stromal cells (SCs) of both eutopic (EuE) and EcE in endometriosis.




2 Materials and methods



2.1 Patient selection and sample processing

The study was approved by the Research Ethics Committee of the University of Tartu, Estonia (approval No 333/T-6), and all the study participants have provided written informed consent. The tissue samples were collected from patients undergoing surgery at the Tartu University Hospital (Tartu, Estonia) and with confirmed endometriosis in accordance with the revised American Society for Reproductive Medicine classification system (26). Women undergoing laparoscopy due to infertility or pelvic pain, and confirmed endometriosis-free, were enrolled as controls (women without endometriosis). Peritoneal lesions were removed by laparoscopic surgery, and the collection of endometrial biopsy samples from women with and without endometriosis was done with an endometrial suction catheter (Pipelle, Laboratoire CCD). The enrolled women had not received any hormonal therapy for at least 3 months before the sample collection. Table 1 provides detailed information about the patients enrolled in this study. The collected tissues were cut into two portions followed by endometriotic tissue histological evaluation and confirmation, or cryopreservation in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Thermo Fisher Scientific), with 30% fetal bovine serum (FBS, Biowest) and 7.5% dimethyl sulfoxide Hybri-Max (Sigma-Aldrich). The cryopreserved samples were stored in liquid nitrogen until further use.

Table 1 | Patient characteristics in the study population.
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2.2 Stromal cell isolation and primary cell culturing

Primary endometrial SCs were isolated from EuE, and EcE (peritoneal lesions) as previously described (3). EuESCs and EcESCs were cultured up to three passages in phenol red-free DMEM (Gibco) supplemented with 10% charcoal-stripped FBS (Gibco) with penicillin/streptomycin/amphotericin B (100 U/mL, 100 μg/mL, and 0.25 μg/mL, respectively) at 37°C under 20% O2 and 5% CO2. The cells were cryopreserved (1 vial from 1 confluent 10 cm Petri dish) and stored in liquid nitrogen until further use for functional assays.




2.3 Incubation of cells in normoxic or hypoxic conditions

The cells were thawed, seeded onto 6-well plates (working volume of 2 mL per well, approximately 170,000 cells per well) and cultured in phenol red-free DMEM with 10% charcoal-stripped FBS and penicillin/streptomycin/amphotericin B at 37°C under 20% O2 and 5% CO2 for 24 hours. Next, the medium was exchanged (working volume of 3 mL per well) and half of the replicates were cultured at 20% oxygen (normoxia) and the other half at 1% oxygen (hypoxia) for 48 hours. The hypoxic gas mixture (1% O2, 5% CO2, 94% N2) was supplied by the gas controller into the incubator of Cytation 5 multi-mode reader system equilibrated at 37°C (BioTek).

After incubation, the medium was removed (1 mL aliquots of spent medium were frozen and subsequently used for the enzyme-linked immunosorbent assay, ELISA) and the wells were rinsed with PBS supplemented with Ca2+ and Mg2+ (Corning). The cells were then lysed either at room temperature using RLT buffer (Qiagen; for RNA extraction) or on ice using the Triton X-containing HEPES buffer (Calbiochem, Ferak; for protein kinase assay).




2.4 Protein kinase assay

The fresh lysates prepared as previously described were used for protein kinase assay (20). For each lysate, total protein concentration was measured using Bradford assay (Thermo Scientific) according to the manufacturer’s instructions. Bradford assay was carried out in 96-well clear flat bottom plates (Nunc™ 269620) and absorbance at 590 nm was measured using a PHERAstar multi-mode reader (BMG Labtech). Within each experiment, the total protein concentration of all collected lysates was equalized by suitable dilution with kinase assay buffer as previously described (20).

The protein kinase assay was performed according to the previously published protocol using in-house synthesized photoluminescent probes that gain long-lifetime luminescence in complex with basophilic PKs (probe ARC-1139) or acidophilic PKs (probe ARC-1530) and the following displacing compounds: H89 (Biaffin) in case of PKAc; Y-27632 (Cayman Chemical) in case of ROCK; GSK690693 (Tocris) in case of Akt; and CX-4945 (Synkinase) in case of CK2 (20, 27, 28). The assay was carried out in 384-well round-bottom low volume plates (Corning 4514) and the time-delayed photoluminescence measurements were performed using PHERAstar multi-mode reader (BMG Labtech) with the following parameters: excitation 337 (300–360) nm, emission 675 (50) nm for ARC-1139 probe or 590 (50) nm for ARC-1530 probe, 100 flashes per well, integration start 60 μs, integration time 400 μs.




2.5 RNA extraction

The total RNA was isolated from the SC culture lysates using RNeasy mini kit (Qiagen) following the manufacturer’s instructions. RNA samples were treated with DNase to remove DNA content with Ambion® DNA-free™ DNase Treatment and Removal Reagents (ThermoFisher Scientific). RNA concentrations were measured with a Qubit Flex Fluorometer (Invitrogen) following the protocol from the Qubit High Sensitivity RNA assay kit.




2.6 mRNA library generation and sequencing

The DNA libraries were constructed following the Smart-seq2 protocol described previously (29) with 10 ng of each RNA sample, then enzymatically fragmented and tagged using Nextera XT kit (Illumina Inc) and IDT® for Illumina® DNA Unique Dual Index barcodes. The purification of the final amplified cDNA libraries was performed using AMPure XP beads (1:1 ratio for the sample vs beads). The quantification of cDNA libraries was performed using the Qubit 1X HS DNA assay kit (Invitrogen), followed by the assessment of library quality using a high-sensitivity DNA chip (Agilent) on the 2100 Bioanalyzer system (Agilent). The pooled libraries were subjected to next-generation sequencing on the Illumina NovaSeq 6000 sequencing platform using a 2 x 150 bp read length (Novogene, UK).




2.7 mRNA-seq data analysis

The raw RNA-seq reads were subject to quality control assessment using the FastQC program (version 0.11.8) (30). Next, a comprehensive report based on the FASTQC results was generated using the MultiQC program (31) to evaluate the sequencing data quality. The fastp program (32) was then utilized with default parameters to remove adaptor sequences and perform read trimming. The resulting trimmed reads were aligned to the human reference genome GRCh38 using STAR 2.7.5a (33), accounting for paired-end reads. Gene counts were derived from the aligned reads utilizing the featureCounts program (34) with default parameters, also considering paired-end reads. On average, mRNA-seq generated 5.2 million reads per sample, ranging from 3.5 million to 7.2 million reads.

Principal component analysis (PCA) was performed using the plotPCA function available in the DESeq2 R package (35). Prior to performing PCA, the raw count data underwent variance stabilizing transformation (VST) to alleviate potential biases and improve clustering accuracy. For differential gene expression analysis, the DESeq2 R package (35) was utilized. We applied gene filtering to include only those genes with at least ten counts across all samples in at least one of the experimental groups. Next, pairwise differential gene expression analysis was conducted between experimental groups indicated in Table 2. The resulting p-values underwent adjustment using Benjamini and Hochberg’s (BH) method to control the false discovery rate (FDR). Genes exhibiting an absolute log2 fold change |log2FC| > 0.5 and an FDR-adjusted P-value (Padj) < 0.05 were considered differentially expressed.

Table 2 | The numbers of statistically significant upregulated and downregulated DEGs between comparison groups.
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Pathway analysis was performed using the g:Profiler web tool (36). Specifically, the g:GOSt function within g:Profiler facilitated gene-set enrichment analysis, with significance determined using the tailored significance threshold g:SCS. KEGG and GO: BP plots were made using the online tool ShinyGO 0.80 (37–39). Venn diagrams were made using the jvenn online tool (40). Only the genes with nomenclature names were included in the list used for creating the Venn diagram.




2.8 Enzyme-linked immunosorbent assay

The amount of secreted TGFBI protein was quantified in spent cell culture media using the EHTGFBI (BIGH3) human ELISA kit (Invitrogen) according to the manufacturer’s instructions. Absorbance at 450 nm was measured using a Cytation 5 multi-mode reader (BioTek).




2.9 qRT-PCR

cDNAs were synthesized by RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). The qRT-PCR analysis for transforming growth factor beta induced (TGFBI) expression was performed using 5x HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis BioDyne) with the primers (F: 5´-TAACGGCCAGTACACGCTT-3´; R: 5´-TGTTCAGCAGGTCTCTCAGG-3´). Gene expression data was normalized to the SDHA housekeeping gene (F: 5’-TGGGAACAAGAGGGCATCTG-3’; R: 5’-CCACCACTGCATCAAATTCATG-3’) as described previously (41).




2.10 Immunohistochemistry

To localize TGFBI protein in EuE and EcE, IHC analysis of tissue samples was performed. The tissue specimens were fixed in 10% neutral buffered formalin, dehydrated and embedded in paraffin at TUH’s Pathology Service. The prepared 2.5 µm tissue sections were deparaffinized in xylene followed by rehydration with a series of washes (2x, each for 5 min) in ethanol (96%, 90%, 80%, 70%, 60%, 50%) and MQ water. Next, tissue sections were incubated for 20 min at 98°C in 10 mM sodium-citrate buffer (pH = 6.0) for antigen retrieval and 5% normal goat serum in 1% BSA/PBS was used for 60 min to block nonspecific binding. The following steps were performed according to the Master Polymer Plus Detection System (Peroxidase) (Incl. 3,3’-Diaminobenzidine (DAB) Chromogen) Kit (Master Diagnostica, Spain) guidelines. All the washes were performed with 1x TBS (Fisher Bioreagents, USA), 3 times, each for 5 min. To identify TGFBI protein, tissue sections were incubated with rabbit anti-TGFBI antibody (Invitrogen, JM24-53, catalogue N MA5-32736, dilution 1:100) overnight at 4°C, and as negative controls, the tissue sections were incubated with 1% BSA/PBS. For nuclear counterstain, Mayer hematoxylin solution 1:4 was used. Lastly, the tissue sections were dehydrated in the opposite order as for the rehydration procedure, by incubating in ethanol and xylene. A mounting medium (Leica CV mount, Leica Biosystems, USA) was applied to the tissue sections and covered by coverslips. The tissue sections were then scanned with a Leica SCN400 slide scanner (Leica Biosystems, USA) using a 20x objective.

Semi-quantitative analysis of scanned sections was performed using the ImageJ Fiji package (v. 1.54k) (42). Briefly, DAB signal intensity was measured in the endometrial stroma, excluding luminal and glandular epithelium. The relative DAB intensity was calculated using the formula: f = 255 - i, where “f” is relative DAB intensity and “i” is mean DAB intensity obtained from the software ranging from 0 (deep brown, highest expression) to 255 (total white) (43).




2.11 Statistical analysis

PK assay: The initial normalization of signals was carried out according to the kinase activity profile observed in EuESCs under normoxic conditions (set to 100% for each PK of interest). Due to a large spread of data points observed for EcESCs, the second round of normalization was then carried out where EcESCs were normalized separately from EuESCs (cells treated under normoxia set to 100% for each PK of interest). The pairwise comparisons between the PK activity profiles in different oxygenation conditions or eutopic vs ectopic cell lysates (N = 5) were carried out using the unpaired two-tailed t-test with Welch’s correction and the significance of comparisons is indicated as follows: ** corresponds to P ≤ 0.01, * corresponds to P ≤ 0.05.

ELISA assay: For each sample of spent medium, the calculated TGFBI concentration was normalized to the total protein content measured for the corresponding cell lysate (i.e., homogenate of cells growing in the well from which the medium sample was initially collected) as described in Section 2.4. An additional normalization was carried out where for samples obtained from the same patient, the relative TGFBI amount was normalized according to the signal measured for the EuESCs under normoxia (set to 100%) or for the EuESCs or EcESCs incubated in normoxia (= 100%) separately. The pairwise comparisons between the oxygenation conditions or eutopic vs ectopic cells (N = 5) were carried out using the unpaired two-tailed t-test with Welch’s correction and the significance of comparisons is indicated as follows: *** corresponds to P ≤ 0.001, ** corresponds to P ≤ 0.01.

qRT-PCR: The comparison between TGFBI mRNA expression levels (ΔCt values) in proliferative vs secretory phase endometrium from women with (N = 45) and without (N = 24) endometriosis was performed using the unpaired two-tailed t-test with Welch’s correction and the significance of comparisons is indicated as follows: **** corresponds to P < 0.0001.

IHC: Statistical significance was assessed using the Wilcoxon Mann-Whitney test, with *corresponding to P ≤ 0.05.

For statistical analysis of data from ELISA, PK assay, qRT-PCR, and IHC, GraphPad Prism 6 (San Diego) was used as reported previously (20).





3 Results



3.1 The activity of PKAc and Akt kinase families is reduced in the hypoxia-treated EcESCs but not in the EuESCs

We started our study by examining the activity profiles of PKs that have been previously shown to contribute to the decidualization of normal endometrium – with PKA, ROCK and Akt/PKB featuring increased activity and CK2 featuring decreased activity in the ESCs decidualized in vitro or in situ. Our current goal was to establish whether the activity of these kinases can be altered depending on the origin of cells (eutopic vs ectopic) or short-term changes in oxygenation conditions (20% vs 1% oxygen). The activities of four PK families – PKAc, ROCK, Akt, and CK2 – were measured in fresh lysates prepared directly after incubation of EuESCs and EcESCs under different oxygenation conditions. To compensate for the differences in number of cells following the 48-h incubation, the lysates obtained from the same patients’ samples were diluted to the same total protein content. For each individual patient, the relative PK activity was normalized based on the PK activity established for EuESCs in normoxia, which was set to 100%.

The pooled results (N = 5) are summarized in Figure 1A; it was evident that the comparison of EuESCs and EcESCs was masked by the large interpatient variation. Hence, we focused on the comparisons of oxygenation conditions and carried out separate normalization for EuESCs and EcESCs (i.e., data for EcESCs incubated in normoxia was also set to 100% for each individual PK; Figure 1B). The obtained PK activity profiles revealed subtle yet statistically significant decrease in PKAc and Akt activity for EcESCs incubated in hypoxia vs normoxia (P < 0.05 and P ≤ 0.01, respectively). The trends were similar in the case of EuESCs incubated in hypoxia vs normoxia, yet statistical significance could not be achieved. No clear trends were observed in the activity of CK2, whereas in the case of ROCK, a slight elevation of kinase activity under hypoxic conditions was evident, which was however not statistically significant.
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Figure 1 | Protein kinase activity profiles in lysates of EuESCs or EcESCs incubated in different oxygenation conditions. The normalization was done by EuESCs in normoxia (A) or by normoxia in EuESCs and EcESCs separately set to 100% (B). The PKs of interest are listed below the graph and the types of cells and incubation conditions are on the right. EuESCs, eutopic endometrial stromal cells; EcESCs, ectopic endometrial stromal cells; PKAc, cAMP-dependent PK; ROCK, Rho-dependent PK; Akt/PKB, protein kinase B; CK2, casein kinase 2. Each column shows the mean ± standard deviation for samples obtained from 5 different patients. Asterisks indicate pairwise comparisons (t-test with Welch’s correction): **P ≤ 0.01, *P ≤ 0.05; only statistically significant comparisons are shown.

As the PK assay revealed only minor changes in the examined PK pathways which could not be explained solely by the effect of hypoxia, we decided to assess a wider picture of putative differences between the EuESC and EcESC signaling pathways under different oxygenation conditions by exploring the transcriptome.




3.2 Hypoxia alters the transcriptome of endometrial SCs with distinct differences between EuESCs and EcESCs

To explore how hypoxia affects the gene expression of SCs isolated from paired EuE and EcE of women with endometriosis, we sequenced the entire transcriptome of the cell culture samples exposed to both normoxia and hypoxia (EuESCs, N = 5 and EcESCs, N = 5, in total 20 samples). By applying the gene filtering procedure as mentioned in the methods section, 17,887 genes were retained for subsequent analyses. The principal components analysis (PCA, Supplementary Figure 1) showed no specific grouping of samples based on the correlation between the data points representing each sample in four study groups. The Pearson correlation analysis revealed high intra-group variability in EuESCs exposed to hypoxia and EcESCs exposed to normoxia (Supplementary Figure 2). However, there was a strong similarity at the transcriptome level between all the samples in the study groups based on the correlation coefficient values ranging from 0.85 to 1.

The comparisons of EuESCs and EcESCs exposed to hypoxia and/or normoxia yielded different numbers of differentially expressed genes (DEGs) (the comparison groups and numbers of DEGs are shown in Table 2, statistically significant DEGs presented in Supplementary Table 1). The gene ontology and pathway enrichment analyses of DEGs in comparison groups identified statistically significantly enriched biological processes and pathways presented in Figure 2 and Supplementary Table 2.
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Figure 2 | The representative biological processes (GO: BP) and enriched pathways (KEGG) in the comparison groups. The analysis is based on statistically significant DEGs, Padj < 0.05). DEGs, differentially expressed genes; EuESCs, eutopic endometrial stromal cells; EcESCs, ectopic endometrial stromal cells. The arrows next to the DEGs indicate up- or down-regulation.

In EuESCs, we identified 116 DEGs upregulated under hypoxic conditions (log2FC range from 0.5 to 2.9). Gene set enrichment analysis showed glycolysis/gluconeogenesis, biosynthesis of amino acids and carbon metabolism pathways among the top enriched pathways, which correlated with HIF-1 signaling pathway via shared DEGs (Supplementary Figure 3A). Among the top biological processes, the analysis revealed supramolecular fiber organization, NADH regeneration, glucose catabolic process to pyruvate, and canonical glycolysis (Supplementary Figure 3B). The expression profiles of EcESCs exposed to hypoxia vs normoxia were similar and the analysis identified a single statistically significant DEG, TGFBI (log2FC 2.0).

In the comparison group of both EcESCs and EuESCs exposed to hypoxia, we identified 20 DEGs, of which 15 were downregulated (log2FC range from –8.8 to –0.8) and 5 upregulated (log2FC range from 0.7 to 3.4). The comparison of EcESCs and EuESCs both exposed to normoxia revealed 163 DEGs, 142 of which were upregulated (log2FC range from 0.5 to 6.9) and 21 downregulated (log2FC range from –0.5 to –2.3) in ectopic samples. Among the top enriched KEGG pathways in the upregulated DEG group, we identified focal adhesion, PI3K-Akt signaling pathway, and extracellular matrix (ECM)-receptor interaction (Supplementary Figure 3C). The anatomical structure morphogenesis, cell adhesion, cell migration, blood vessel morphogenesis, and blood vessel development were among the top enriched biological processes (Supplementary Figure 3D).

Given that EcE resides in vivo at more hypoxic conditions than the EuE, we hypothesized that in the case of EcESCs, incubation in a hypoxic environment closely resembles the physiological conditions, while in the case of EuESCs, hypoxia induces reductive stress. We therefore proceeded with a comparison of cell transcriptomes mirroring the native-like states, i.e., EcESCs exposed to hypoxia compared to EuESCs exposed to normoxia. We found 569 DEGs, with 375 upregulated genes (log2FC range from 0.5 to 7.7) and 194 downregulated genes (log2FC range from –0.5 to –8.7). The analysis of upregulated genes showed sugars and amino acids metabolism pathways, glycolysis, ECM-receptor interaction, focal adhesion, and PI3K-Akt signaling pathway and wound healing, blood vessel development, actin cytoskeleton development processes among the top enriched pathways and biological processes (Supplementary Figures 3E, F). In the downregulated DEGs group, RAS signaling and regulation of actin cytoskeleton were among the top KEGG pathways, and the regulation of cell differentiation and regulation developmental process were among the top biological processes (Supplementary Figures 3G, H).

The Venn diagram showed that the focal adhesion and the regulation of actin cytoskeleton KEGG pathways were shared among the three groups: EuESCs exposed to hypoxia vs normoxia, EcESCs vs EuESCs exposed to normoxia, and EcESCs exposed to hypoxia vs EuESCs exposed to normoxia (Supplementary Figure 4). The analysis of common DEGs in the 5 comparison groups indicated that TGFBI was upregulated in all the comparisons (Table 2; Figure 3).
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Figure 3 | Venn diagram depicting overlapped upregulated DEGs between comparison groups. The analysis is based on statistically significant DEGs, Padj < 0.05). EcE_H/N, EcESCs exposed to hypoxia vs normoxia; EuE_H/N, EuESCs exposed to hypoxia vs normoxia; EcE_H/EuE_H, EcESCs vs EuESCs both exposed to hypoxia; EcE_N/EuE_N, EcESCs vs EuESCs both exposed to normoxia; EcE_H/EuE_N, EcESCs exposed to hypoxia vs EuESCs exposed to normoxia; EuESCs, eutopic endometrial stromal cells; EcESCs, ectopic endometrial stromal cells; DEGs, differentially expressed genes. The novel transcripts corresponding to genes with no nomenclature names were excluded from the list used for creating the Venn diagram, resulting in a smaller number of DEGs in the following groups: EcESCs vs EuESCs exposed to normoxia, and EcESCs exposed to hypoxia vs EuESCs exposed to normoxia.




3.3 Secretion of TGFBI mirrors transcriptome changes in ESCs

According to previous studies, TGFBI is a secreted protein (44, 45). To establish whether the trends observed on the level of transcriptome are also valid at the protein level, we quantified the amount of secreted TGFBI in the spent cell culture media using ELISA. To compensate for the differences in the number of TGFBI-secreting cells following the 48-h incubation in different oxygenation conditions, the ELISA data was normalized to the total protein content in lysates of cells from which the media aliquots were collected. Furthermore, to compensate for the interpatient variation in TGFBI secretion, for each patient, the relative TGFBI protein content was additionally normalized according to that established for the EuESCs in normoxia (set to 100%).

The results (N = 5 in each group) are summarized in Figure 4A and Supplementary Figure 5. Expectedly, relative TGFBI secretion was elevated in the medium collected from EuESCs incubated under hypoxic vs normoxic conditions (P < 0.01), and in the medium collected from EcESCs in both conditions relative to EuESCs (P < 0.001). In the case of EcESCs, no significant difference in TGFBI secretion was observed dependent on the oxygenation conditions, yet the trend was similar to that observed in transcriptomics with higher TGFBI levels in EcESCs exposed to hypoxia. Furthermore, in the case of samples collected from EcESCs in hypoxia, the TGFBI levels were closer to the upper limit of the calibration curve, thus potentially complicating the comparison.

[image: A composite image featuring graphs and microscopic images. Graph A depicts TGFBI protein levels across different conditions, with significant differences indicated. Graph B shows ΔCt values in EuE during different menstrual phases with significant variances. Panels C and D are micrographs of EuE tissue in the proliferative and secretory phases respectively, displaying tissue structure. Panels E and F are micrographs of EcE tissue in the same phases. Each micrograph includes a scale bar indicating 200 micrometers.]
Figure 4 | The confirmation of TGFBI’s importance in the context of endometriosis on the levels of protein and mRNA. (A). Secreted TGFBI protein levels in spent cell culture media relative to the total protein content in the corresponding cell lysates. For each patient, the data was normalized to the relative TGFBI content measured for the EuESCs incubated in normoxia (= 100%). Each column shows the mean ± standard deviation for samples obtained from 5 different patients. Arrows and asterisks indicate pairwise comparisons (t-test with Welch’s correction): ***P ≤ 0.001, **P ≤ 0.01. (B). TGFBI mRNA expression in eutopic endometrial tissues from women with (light grey) or without (black) endometriosis (N = 45 and N = 24, respectively) in proliferative (P) and secretory (S) phases of menstrual cycle. ΔCt values correspond to the relative expression level of TGFBI, the thick line is the median. An unpaired two-tailed t-test with Welch’s correction was applied, ****P value < 0.0001, ***P value < 0.001. (C–F). TGFBI protein localization in EuE and EcE from women with endometriosis at the proliferative (C, E) and secretory (D, F) phases of the menstrual cycle. Scale bar 200 μm. EcESCs, ectopic endometrial stromal cells; EuESCs, eutopic endometrial stromal cells; EuE, eutopic endometrium; EcE, ectopic endometrium; ES, endometriosis; non-ES, non-endometriosis; ns, not significant.




3.4 The mRNA expression pattern of TGFBI in EuE from women with and without endometriosis is dependent on the menstrual cycle phase

As the isolated SCs represent a simplified model system, we proceeded to investigate the TGFBI in the context of endometriosis in a physiologically more relevant system represented by the full tissue samples. The ESCs used in our experiments were cultured in the absence of hormones to achieve a sufficiently numerous and homogenous cell population. As a result, the cells likely lost the characteristics of the menstrual cycle phase, at which the patient samples were initially collected (46). Therefore, we decided to investigate whether TGFBI mRNA expression varies depending on the menstrual cycle phase. For that, we determined TGFBI mRNA level in 45 EuE from women with endometriosis (11 in the proliferative phase and 34 in the secretory phase), and 24 EuE from women without endometriosis (controls, 5 in the proliferative phase and 19 in secretory phase) using qRT-PCR.

We found TGFBI mRNA expression in EuE from both women with endometriosis and controls to be menstrual cycle phase-dependent, with a higher expression level in the proliferative phase compared to the secretory phase (FC = 4.5, P < 0.0001 and FC = 4.5, P < 0.001, respectively, Figure 4B). Having confirmed that TGFBI mRNA levels are dependent on the menstrual cycle phase, we proceeded to the exploration of TGFBI protein expression and localization in tissue samples from women with endometriosis obtained at proliferative or secretory phases.




3.5 TGFBI protein is expressed in the stroma and around the vessels of EuE and EcE

To determine which cell types express TGFBI protein in endometrium and lesions, IHC was performed on paired samples of EuE and EcE from seven women with endometriosis, and additionally 17 EuE from women with endometriosis (samples collected during the proliferative or secretory phases of the menstrual cycle).

We observed a moderate and diffuse TGFBI protein expression in the stroma of paired EuE during the proliferative phase of the menstrual cycle (Figure 4C; Supplementary Figure 6). In the secretory phase, TGFBI protein staining in stroma was sparse and focal, localized around the vessels (Figure 4D; Supplementary Figure 6). The tissue sections of paired EcE contained fibrotic areas, and TGFBI protein expression was diffuse in stroma and around the vessels (Figures 4E, F; Supplementary Figure 6). In the secretory phase, TGFBI protein expression was stronger in EcE compared to EuE, which is similar to our observations in the SC culture experiments. Additionally, we analyzed TGFBI protein signal intensity in 17 EuE from women with endometriosis (6 in proliferative phase and 11 in secretory phase). TGFBI protein expression was significantly higher in the proliferative phase compared to the secretory phase (P < 0.05, Supplementary Figures 7-9). Due to the fibrotic nature of EcE, we did not compare TGFBI signal intensity between 6 paired EuE and EcE samples in the secretory phase to avoid potential artifacts.





4 Discussion

Hypoxic microenvironment was proposed to drive the pathogenesis of endometriotic lesions, promoting processes like angiogenesis, cell survival and metabolic changes (2). Our study investigated the effect of short-term (48 hours) hypoxic treatment on EuESCs and EcESCs by assessing the activity of a targeted set of physiologically relevant kinases and performing a global transcriptome profiling. All methods converged to TGFBI as the important player from the point of both endometriosis and hypoxia (Figure 5).

[image: Comparison of in vitro and ex vivo methods examining EcE and EuE tissues. In vitro involves culturing cells under different oxygen levels followed by mRNA sequencing, kinase assay, and ELISA. Ex vivo uses qRT-PCR and IHC to analyze TGFBI expression, with diagrams showing amplification curves and signal intensity differences.]
Figure 5 | The study workflow overview. Upper panel: ectopic endometrial stromal cells (EcESCs) and eutopic endometrial stromal cells (EuESC) were isolated from ectopic endometrium (EcE) and eutopic endometrium (EuE), respectively. The primary cell cultures were exposed to hypoxic (1% O2) or normoxic (20% O2) conditions for 48 hours followed by examination of gene expression (mRNA-seq), assessment of kinase activity (kinase assay) and detection of TGFBI level in culture media (ELISA assay). Lower panel: the samples of EuE from women with and without endometriosis were subjected for qRT-PCR to assess the level of expression of TGFBI. EuE and EcE from women with and without endometriosis were used for immunohistochemistry (IHC) for TGFBI protein localization and quantification of TGFBI signal intensity. The Figure was created with BioRender.com (representative IHC images were obtained in this study). EcE, ectopic endometrium; EuE, eutopic endometrium; EcESCs, ectopic endometrial stromal cells; EuESCs, eutopic endometrial stromal cells; ES, endometriosis; Non-ES, non-endometriosis; IHC, immunohistochemistry.

In EuESCs, mRNA-seq analysis revealed hypoxia-mediated activation of biological processes related to aerobic glycolysis, NADH regeneration, and pathways, such as glycolysis/gluconeogenesis, biosynthesis of amino acids, and carbon metabolism (Figure 2). These results were in concordance with previous reports on the increased expression of hypoxia-induced markers of aerobic glycolysis like LDHA and PDK1 in EuESCs (7, 8). The expression of these markers was also associated with decreased apoptosis, which has been proposed to give an advantage to EuESCs during the establishment and development of endometriotic lesions. The mitochondrial oxygen consumption rate and the levels of metabolites from biosynthesis of amino acids pathway in EcE and EuE has have been shown to be decreased in EuE and EcE from endometriosis model compared to control endometrium, as well as the levels of metabolites from biosynthesis of amino acids pathway in an endometriosis model (47). In our study, EcESC cultures exposed to hypoxia vs normoxia had a single DEG, TGFBI, upregulated in cells exposed to hypoxia (Table 2). The low number of DEGs in EcESCs, regardless of oxygen level in culture conditions, might refer to a possibility that EcESCs had already been epigenetically adjusted for low oxygen concentration in lesions - and such reprogramming persisted during cultivation in vitro. When we compared both EcESCs exposed to hypoxia or normoxia to EuESCs exposed to normoxia, we identified enriched processes like anatomical structure morphogenesis, cell adhesion, cell migration, blood vessel morphogenesis, and blood vessel development (Figure 2; Supplementary Figures 3D, F). Several studies have demonstrated that exposure of EuESCs and EcESCs to hypoxia alters expression of genes like DUSP2, IL-8, COUP-TFII, ANG, and leptin, involved in the activation of tube formation and angiogenesis (48–50).

TGFBI was a common gene overexpressed in EcESCs under hypoxia or normoxia and EuESCs exposed to hypoxia (Table 2; Figure 3). The ELISA assay with spent cell culture media confirmed the increased secretion of TGFBI protein in hypoxic vs normoxic conditions and in EcESCs vs EuESCs (Figure 4A). Recent studies have demonstrated the increased levels of TGFBI protein in peritoneal fluid and serum of women with endometriosis compared to controls (44, 45). However, its role in endometriosis pathogenesis was not yet explored. The gene ontology (molecular function) analysis of our mRNA-seq data has shown that TGFBI is involved in cell adhesion molecule binding, extracellular matrix structural constituent, and integrin binding (Supplementary Table 2). The biological processes, in which TGFBI is involved, included blood vessel development, morphogenesis, angiogenesis, cell adhesion, cell differentiation, and cellular developmental process. However, the reports on the role of TGFBI in angiogenesis are controversial. It was reported to inhibit adipose angiogenesis (51), while promote angiogenesis in lungs (52). Moreover, TGFBI was found to have pro-fibrotic effect in lung tissues. Its induction by TGF-β1 in lung fibroblasts led to overexpression of collagen I and α-SMA via TGFBI/GPSM2/Snail axis, whereas the knockdown of TGFBI had a reverse effect on the pro-fibrotic process (53). TGF-β1 has been shown to activate epithelial-to-mesenchymal and fibroblast-to-myofibroblast transition, leading to increased production of collagen in vitro and fibrogenesis in vivo in endometriosis (54, 55). TGFBI might mediate fibrotic process in endometriosis, therefore targeting TGFBI should be investigated as a potential strategy to reduce fibrosis in endometriosis models.

Furthermore, the putative effect of TGF-β1/TGFBI axis on the intracellular pathways was evident from the PK assay results (Figures 1B, C). Namely, according to the literature, hypoxic environment promotes activation of PKAc pathways, while its effect on Akt/PKB activity depends on the model system explored yet is also predominantly activating (16, 56–60). By contrast, we observed decrease in PKAc and Akt activity in EcESCs treated under hypoxic vs normoxic conditions, and the same trends were evident in EuESCs. This observation is rather in line with the previously reported effects of TGFBI, which suppresses both Akt/PKB and cAMP-dependent signaling pathways (61–63). In addition, the observed trend towards the increase in ROCK activity in EuESCs and EcESCs under hypoxic conditions can be explained by TGFβ-mediated activation of RhoA/ROCK signaling axis associated with fibrosis in the context of other tissues (64, 65). In fact, according to literature, TGFBI has been proposed to activate the focal adhesion kinase in some of the explored models (66, 67) – and focal adhesion kinase is also known to activate ROCK signaling in fibroblasts (68).

Apart from TGFBI, another downstream protein of TGF-β1 represented by the TAGLN (69, 70) can also affect the protein kinase pathways. In a different physiological context, TAGLN has been proposed to activate ROCK signaling in ovarian cancer (71) and downregulate Akt signaling in smooth muscles (72). Importantly, in literature, TAGLN has also been investigated in the context of endometriosis, showing increased gene expression in endometriotic lesions (73) and being upregulated by the pathogenic Fusobacterium in endometrium of endometriosis patients (74). According to the transcriptomic data in our study, TAGLN and its homolog TAGLN2 were overexpressed in EcESCs in hypoxia vs EuESCs in normoxia and EuESCs exposed to hypoxia vs normoxia (Supplementary Table 1). It is thus extremely important to explore in future studies whether the TGF-β1/TGFBI and TGF-β1/TAGLN signaling axes mediate and consolidate the hypoxia-driven and the inflammation-driven aspects of the endometriosis pathology.

While the experiments with isolated cultured SCs in our study consistently indicated the importance of hypoxia in EcESCs and the role of TGFBI in EcESC functioning, such in vitro model is simplified and does not account for the cell population heterogeneity in EuE or EcE, or for changes in cell phenotypes associated with progression through the menstrual cycle. Thus, we decided to explore TGFBI expression in a more physiologically relevant system represented by the EuE and/or EcE from women with endometriosis.

TGFBI mRNA expression in the bulk tissues of EuE from women with endometriosis and controls was higher in the proliferative phase of menstrual cycle compared to the samples from the secretory phase (Figure 4B). TGFBI immunostaining showed the localization of the protein in stroma and around the vessels in EuE and EcE (Figures 4C–F; Supplementary Figures 6-8). In line with qPCR data, TGFBI protein expression in EuE was also higher in the proliferative phase compared to secretory phase (Supplementary Figure 9). When we compared paired EuE and EcE in the secretory phase, TGFBI staining was stronger in the stroma of EcE, as what we observed in SC cultures. While TGFBI role in endometriosis in the tissues is less clear according to the results from our ex vivo experiments, its roles in fibrosis and angiogenesis cannot be underestimated. The immunoreaction around the vessels might indicate that the perivascular cell populations might be an important contributor to the increased levels of secreted TGFBI protein.

This study has several limitations, with the major limitation represented by the small sample size in our in vitro experiments. In case of protein kinase assay, we used previously developed in-house synthesized probes – thus, the examined set of targets was limited to PKAc, ROCK, Akt, and CK2. In case of transcriptome study, a relatively low number of DEGs in some groups can be explained by the interpatient variation within the groups which affected the statistical significance of comparisons. The number of paired tissue samples of EuE and EcE in the proliferative phase was limited and thus no statistically valid comparison regarding TGFBI expression levels in EcE between the proliferative and secretory phase can be drawn. For the same reason, we could not examine TGFBI mRNA expression in paired EuE and EcE. In addition, the presence of fibrotic areas in EcE complicated the quantitative analysis of TGFBI protein signal intensity between paired EuE and EcE in the secretory phase.

Nonetheless, within this study we showed hypoxia-mediated transcriptome changes characteristic to EuESCs and EcESCs and identified TGFBI as a potential target for further studies addressing therapeutic strategies for endometriosis.
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Background

Triglyceride-glucose (TyG) index has been found to be associated with female reproductive disorders, but its relationship with the risk of endometriosis is unknown. Therefore, the aim of this study was to investigate this relationship.





Methods

We performed a two-sample mendelian randomization(MR) analysis to examine the causal effect of TyG index on endometriosis, and inverse variance weighting(IVW) was the main method of analysis. Then, we selected 1484 participants with endometriosis from the National Health and Nutrition Examination Survey (NHANES) from 1999 to 2006. Weighted multivariable-adjusted logistic regression and smoothed curve analysis were used to evaluate the correlation between the TyG index and endometriosis.





Results

The results of MR analysis confirmed that higher TyG index was causally associated with the risk of endometriosis (OR=1.27, 95%CI: 1.05-1.54, P=0.01). In the cross-sectional study, subjects in the highest quartile of TyG index had the highest risk of incident endometriosis after adjusting for covariates(OR = 2.41, 95% CI:1.31-4.44, P for trend <0.01). The smoothed curve analysis also revealed a positive linear correlation between TyG index and endometriosis.





Conclusion

Our study confirms that a higher TyG index is associated with an increased risk of endometriosis by MR analysis and cross-sectional study. These findings suggested that TyG index could serve as a biomarker in identifying individuals who may be at a higher risk for developing endometriosis. Further research is needed to explore the potential clinical implications of these findings and to elucidate the underlying mechanisms behind this observed relationship.
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Introduction

Endometriosis is a complex oestrogen-dependent chronic inflammatory disease characterized by the appearance of endometrial tissue (glands and mesenchyme) outside the uterus (1). As a common benign gynaecological disorder, it has a prevalence of up to 10% in women of childbearing age and an even higher prevalence in patients with infertility or chronic pelvic pain (2). Endometriosis is strongly associated with pelvic pain, dysmenorrhoea and infertility, imposing a huge economic and social burden on individuals, families and society (3). Despite the numerous studies that have been conducted, endometriosis is considered a multifactorial disease whose etiology is not yet fully understood. Inflammatory responses, oxidative stress, endocrine metabolism and immune regulation have been reported to be involved in the pathological process of endometriosis (4–6).

Research indicates that elevated insulin levels, acting as a growth factor, may stimulate the proliferation of endometrial lesions, and the inflammatory and angiogenic effects of insulin resistance could contribute to the progression of endometriosis (7, 8). This metabolic dysfunction might also explain the variable clinical manifestations in endometriosis patients, underscoring the need for further investigation into the metabolic aspects of endometriosis and the possibility of targeted therapeutic interventions (9). Triglyceride Glucose (TyG) index, as a novel, simple and sensitive index for assessing insulin resistance, calculated from serum triglyceride and blood glucose levels, has been widely used for early screening and risk assessment of metabolic diseases (10, 11). In recent years, many studies have shown a close association between TyG index and various gynaecological diseases, such as polycystic ovary syndrome (12), infertility (13) and gynaecological cancers (14), but there are few systematic and in-depth studies on the relationship between TyG index and endometriosis. Although preliminary studies have suggested that some degree of abnormalities in glycolipid metabolism may exist in patients with endometriosis (15, 16), whether the TyG index can be used as a new marker to predict the risk of endometriosis development and its specific mechanism of action in the pathogenesis of endometriosis needs to be further explored.

Mendelian randomization (MR), which uses genetic variation as an instrumental variable for exposure, has been widely used to explore the link between exposure and outcome and can be a good complement for observational studies (17). Therefore, we first explored the causal relationship between TyG index and endometriosis through MR study. Then, a cross-sectional study was used to explore the correlation between TyG index and endometriosis using the data from the National Health and Nutrition Examination Survey (NHANES) from 1999 to 2006. It will provide a new theoretical basis and clinical strategy for the early prediction and individualized treatment of endometriosis, filling the current research gap in this field.





Materials and methods




Data sources and SNP in exposure and outcome selection

The MR analysis was designed based on the following three basic assumptions: (1) the instrumental variable was strongly correlated with the exposure factor; (2) the instrumental variable was not associated with any potential confounders; (3) the instrumental variable was not directly related to the outcome, and its effect on the outcome was manifested only through the exposure. The two-sample MR analysis was used to assess the causal relationship between TyG index and endometriosis.

The genome-wide association study (GWAS) data for TyG index was extracted from UK Biobank database (273368 participants who were aged 40–69 and free from diabetes mellitus and lipid metabolism disorders) (18). The effects of the instrumental SNPs were acquired at the genome-wide level of significance (P < 5 × 10-8) by using linear regression adjusted for age, sex, and the top 5 genetic principal components to control population stratification. After removing SNPs with linkage disequilibrium (R2<0.01) and with glucose or triglyceride, a total of 192 SNPs associated with the TyG index were included in the analysis. Data for endometriosis were obtained from FinnGen database (8288 cases and 68969 controls) (19). To minimize possible bias due to population heterogeneity, all participants come from European.





MR analysis

The “TwoSampleMR” R package (version 0.5.6, https://github.com/MRCIEU/TwoSampleMR) was used for two-sample MR analysis between TyG and endometriosis. Five MR methods were used: inverse-variance weighted (IVW), MR-Egger regression, and weighted median estimator (WME), simple mode, and weighed mode. We conducted IVW as the primary analysis method. It calculated the Wald ratio for each SNP to evaluate the causality. MR-Egger regression and MR-PRESSO were used to test the pleiotropic effects, and P > 0.05 was regarded as having no pleiotropic effects (20, 21). Heterogeneity was tested using the Cochran’s Q-statistic. If the P-value of Cochran’s Q statistic was >0.05, the results of the random effect IVW method was used, otherwise, the fixed effect model was used. In addition, sensitivity analysis was performed by Leave-one-out method.





Study population in NHANES

NHANES (https://wwwn.cdc.gov/nchs/nhanes/Default.aspx) is a survey that uses a nationally representative sample to examine the nutritional and health conditions of the civilian population in the United States and is a two-year cross-sectional study conducted by the National Center for Health Statistics (NCHS), Centers for Disease Control and Prevention(CDC). Four consecutive two-year NHANES data (1999-2006) were collected for this study. All data collection methods were approved by the NCHS Research Ethics Review Board and informed consent was obtained from all participants.

We excluded the following individuals: (1) male individuals; (2) individuals lacking data on triglyceride and glucose testing; (3) individuals lacking endometriosis data; (4) pregnant women; and (5) women lacking important covariates. Finally, 1484 participants were enrolled in the study and the flow chart is shown in Figure 1.
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Figure 1 | Study flowchart.





Study variables

TyG index was calculated as ln [fasting triglycerides (mg/dL) × fasting glucose (mg/dL)/2] (22). Blood collection was performed in the morning after fasting (at least 8 hours or more but less than 24 hours) to collect fasting triglycerides (TG) and fasting glucose (FPG).

During four cycles of the NHANES 1999 to 2006, female participants were queried about their reproductive health during the Mobile Examination Center (MEC) examination. Participants were asked, ‘Has a doctor or other health professional ever told you that you had endometriosis? Endometriosis is a disease in which the tissue that forms the lining of the uterus/womb attaches to other places, such as the ovaries, fallopian tubes etc.’. Based on these responses, a binary variable indicating the presence or absence of a history of endometriosis diagnosis was established (23).





Other variables

With reference to recent relevant studies (23, 24), covariates include the following variables: sociodemographic factors of age(years), race (Mexican-American, non-Hispanic white, non-Hispanic black, and other races), education(less than high school college, high school or equivalent and college or above), marital status(married, never married and others) and family poverty income ratio(PIR, ≤1, >1 and ≤3, >3), lifestyle factors of smoking status(Never, Now and Former), alcohol consumption(never, every day or nearly every day, 3 to 4 times a week, 1 to 2 times a week, Less than once a week), female reproductive health factors of age at menarche(<13 and ≥13), number of pregnancies(≤ 3 and > 3) and oral contraceptive(Yes and No).





Statistical analysis

The data from the NHANES 1999-2006 were extracted, combined, processed and analyzed using the R software(vision 4.3.0, http://www.R-project.org) and Empower software(vision 4.1, http://www.empowerstats.net/analysis/). The weighted t-test or Kruskal-Wallis test was used to analyze the relationship between continuous variables and the weighted chi-square test was used for categorical variables. To analysis the association between TyG index and endometriosis, TyG index was divided into quartiles from lowest (Q1) group to highest (Q4) group. Before modeling, we calculated the variance inflation factor to check for potential multicollinearity (25). Multivariate logistic regression analysis was used to construct three regression models: Model I was no adjustment for any covariates, Model II was adjusted for age, BMI, and race, and Model III was adjusted for all covariates, including age, BMI, Race, Education, PIR, hypertension, diabetes, smoking, drinking, marital status, number of pregnancy, age at Menarche, and oral Contraceptive. Based on the fully adjusted model, we further fitted the relationship between TyG index and the risk of endometriosis by restricted cubic spline (RCS) analysis. Finally, subgroup analysis and interaction test were performed to determine the role of covariates between different TyG index and endometriosis. The P-value < 0.05 was considered statistically significant difference.






Results




Causal effects of TyG index on endometriosis

The flowchart of our study was shown in Figure 1. In the two-sample MR analysis, 162 SNPs were extracted with TyG as the exposure and endometriosis as the outcome. No heterogeneity was found in Cochran’s Q test (P>0.05), therefore, a fixed effects model was used. The result of IVW analysis was found that genetically predicted TyG index was significantly positively associated with endometriosis(OR=1.27, 95%CI=1.05-1.54, P=0.01) (Figure 2; Supplementary Figure S1). MR-Egger regression (P = 0.86) and MR-Presso global test (P = 0.68) showed no horizontal pleiotropy(Figure 2). In addition, the robustness of results was confirmed by the leave-one-out sensitivity test (Supplementary Figure S2).
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Figure 2 | The causal relationship between TyG index and endometriosis in Mendelian randomization study.





General characteristics of the study population

The comparison of baseline characteristics between endometriosis and non-endometriosis women was shown in Table 1. We found that participants in the endometriosis group were more likely to be had an older age, had a higher percentage of non-Hispanic Whites, had higher levels of education, and had higher percentage of smoking and oral contraceptive use (P < 0.05).

Table 1 | Baseline characteristics of the participants.
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Correlation between TyG index and endometriosis

Prior to constructing the multivariable logistic regression analysis, we examined the collinearity between the TyG index and other covariates. The results indicated that the VIF for all covariates included in this study was less than 10, suggesting that there is no collinearity between the TyG index and the other covariates (Supplementary Table S1). Table 2 shows the ORs and 95% CIs of the association between TyG index and endometriosis in the three regression models. In Model I, TyG index showed positive correlations with endometriosis (OR = 1.55, 95% CI: 1.20-2.02). After partial and full adjustment for variables, TyG index still showed a robust positive correlation with endometriosis (OR = 1.60, 95% CI: 1.20-2.12; OR = 1.60, 95% CI: 1.17-2.19, respectively). Based on these results, we further investigated the differences in endometriosis risk between different TyG index quartiles, namely, 5.30-6.36, 6.36-6.75, 6.75-7.19, and 7.20-10.32 in Q1, Q2, Q3, and Q4, respectively. In all three models, it was found that the risk of endometriosis was significantly higher in the Q4 group compared to the Q1 group(Model I: OR = 2.42, 95% CI=1.41-4.13; Model II: OR = 2.39, 95% CI=1.37-4.19; Model III: OR = 2.41, 95% CI=1.31-4.44). In addition, RCS analysis also revealed a positive linear correlation between TyG index and endometriosis (Figure 3).

Table 2 | Association between TyG index and the risks of endometriosis.


[image: Comparison table of TyG index across three models with odds ratios and P-values. Model I shows an OR of 1.56, Model II shows 1.60, and Model III also shows 1.60 for the TyG index. In quartiles Q1 to Q4, Q4 shows the highest odds ratios for all models. Detailed adjustments per model are noted below the table.]
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Figure 3 | Smoothed curve analysis analysis of TyG index for the estimation of the risk of endometriosis after adjusting for multivariate covariates.





Subgroup analysis

To study the relationship between the TyG index and endometriosis in different populations, we conducted subgroup analyses. The TyG index was positively associated with the risk of endometriosis in those aged ≥30 years, BMI <25, married, smoking, number of pregnancies ≤3, and age at menarche <13 (P < 0.05). In addition, interaction tests did not show statistically significant variations in the association between TyG index and endometriosis, indicating that the covariates were no significantly dependent on this positive correlation (all interactions P > 0.05) (Figure 4).
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Figure 4 | The results of stratified analysis for the association between TyG index and endometriosis.






Discussion

The present study aimed to investigate the relationship between TyG index and the risk of endometriosis by combining the cross-sectional study of NHANES 1999-2006, and the two-sample MR analysis. The cross-sectional study revealed a positive correlation between TyG index and the risk of endometriosis, and more importantly, MR analysis have shown a causal relationship between. These findings may provide additional information to predict the occurrence of endometriosis in the female population.

There are many studies on the relationship between TyG index and female reproductive diseases (12–14), but studies on TyG index and endometriosis and the causal relationship between them have not been elucidated. To the best of our knowledge, our study is the first to comprehensively assess the relationship between TyG index and endometriosis. In the MR analysis, we used GWAS data of TyG index sourced from UK Biobank as an exposure and extracted 192 SNPs to be analyzed for causality. In our analyses, no heterogeneity was found by the Cochran Q test, as well as no horizontal pleiotropy of effects by MR-Egger regression and MR-Presso global test. Thus, the application of a fixed-effects model for IVW suggested that the genetic risk of TyG index was directly associated with the risk of endometriosis. Sensitivity tests also support the stability and accuracy of the causal results.

The observed positive association between TyG index and endometriosis in our study raises several important considerations. The development of endometriosis is multifactorial, involving genetic, hormonal, and environmental factors. Recent research has highlighted the potential role of metabolic factors in the pathogenesis of endometriosis (9). The TyG index, which combines triglycerides and FPG, reflects insulin resistance and is considered a useful marker for metabolic disorders such as diabetes (26) and cardiovascular diseases (27). In fact, endometriosis has been proposed as a metabolic disorder by Saunders et al (28). In a prospective cohort study, metabolomic analysis using proton-nuclear magnetic resonance revealed higher concentrations of free fatty acids and lipids in the serum metabolic profiles of patients with endometriosis (29). Another retrospective cohort study demonstrated that disorders of glucose metabolism have an impact on the development and outcome of endometriosis (30). It suggested that metabolic dysfunction may play a role in the pathogenesis of endometriosis. Non-hormonal therapy based on metabolic changes may be a novel therapeutic option for the treatment of endometriosis (31). Additionally, insulin resistance is often accompanied by hyperinsulinemia, which leads to increased levels of free insulin-like growth factor-1 (IGF-1), a known promoter of endometrial cell growth (7, 32, 33). These factors may create a conducive environment for the establishment and growth of ectopic endometrial tissue.

One potential mechanism underlying the association between TyG index and endometriosis is chronic inflammation. Insulin resistance, as indicated by the elevated TyG index, can trigger a pro-inflammatory state (34), which may contribute to the development and progression of endometriosis (35). Previous studies have shown that inflammation is closely related to the establishment and maintenance of endometriotic lesions (36), and that elevated levels of pro-inflammatory cytokines are present in the peritoneal fluid of women with endometriosis (37, 38). This inflammation can lead to a cascade of events that not only exacerbate insulin resistance but also serve to exacerbate the development and progression of endometriosis. Moreover, insulin resistance itself may have direct effects on endometrial tissue (39). Insulin, as a growth factor, can stimulate the proliferation of endometrial cells, potentially promoting the implantation and growth of ectopic endometrial tissue (40, 41). Insulin resistance may also disrupt the balance of hormones involved in endometrial homeostasis, further contributing to the development of endometriosis (42, 43). Future research should focus on elucidating the specific molecular mechanisms by which chronic inflammation and insulin resistance interact to influence endometrial cell behavior.

The study included the MR analysis and the cross-sectional study based on NHANES 1999-2006 whose findings corroborate each other to a high degree of confidence. This approach compensates for the shortcomings of observational study and minimizes potential confounding effects. Despite the significant findings of our study, there are several limitations that need to be addressed. Firstly, the diagnosis of endometriosis was collected through questionnaires based on previous professional medical diagnoses, which may underestimate the number of affected individuals as some people might not have sought professional medical evaluation. Second, the reliance on questionnaires could introduce memory and selection biases, potentially impacting the results. Third, the cross-sectional data on endometriosis were collected between 1999 and 2006, and although the NHANES database updates every two years, this particular questionnaire was not included after 2006, which may affect the timeliness and thus the outcomes of our study. Fourth, it is challenging to rule out selection bias in this study, as a significant portion of the population was excluded from the cross-sectional analysis due to missing variables. Lastly, MR analyses was performed in a European population, which may limit the extrapolation of our results to other populations. Future studies should include more diverse populations to validate the observed associations.

In conclusion, our findings suggest a positive association between TyG index and endometriosis for the first time. The underlying mechanisms may involve insulin resistance, chronic inflammation, and dysregulation of endometrial homeostasis. Further research is needed to elucidate the potential therapeutic implications of targeting TyG index in the prevention and management of endometriosis. Understanding the relationship metabolic dysfunction and endometriosis could aid in the identification of individuals at risk and facilitate the development of personalized approaches for prevention and treatment strategies.
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Objectives

The increasing prevalence of obesity underscores the need to explore its impact on assisted reproductive technology (ART) outcomes. This study aims to evaluate the association between visceral fat area (VFA), measured by bioelectrical impedance analysis (BIA), and pregnancy outcomes following frozen embryo transfer (FET).





Methods

In this retrospective clinical study, the data of 1,510 patients who underwent FET between April 2022 and April 2023 were analyzed. The VFA was measured by BIA, and patients were categorized into low and high VFA groups based on a threshold of 65 cm². Pregnancy outcomes were compared between the two groups. Univariable and multivariate logistic regression analyses, along with restricted cubic spline (RCS) modeling, were used to adjust for age, body mass index (BMI), and basal estradiol (E2) levels to determine the relationship between VFA and FET outcomes.





Results

There were significant differences in baseline characteristics and outcomes between the two groups. The high VFA group was characterized by older age and a lower basal estradiol (E2) level. The biochemical pregnancy rate, implantation rate, clinical pregnancy rate (CPR), and live birth rate (LBR) were significantly lower in the high VFA group. Logistic regression revealed a significant negative correlation between the high VFA group and both CPR and LBR. The RCS model demonstrated that the VFA was nonlinearly correlated with CPR and LBR. Subgroup analysis showed that among individuals under 35 years of age or with a BMI < 24, high VFA was significantly associated with poorer CPR and LBR.





Conclusions

High VFA is associated with poorer pregnancy outcomes after FET in female patients with infertility, with both CPR and LBR decreasing as VFA increases. Clinicians should consider VFA as an important reference for targeted fat management interventions to optimize reproductive success, especially when VFA exceeds 65 cm².





Keywords: visceral fat area (VFA), bioelectrical impedance analysis (BIA), frozen embryo transfer (FET), clinical pregnancy rate (CPR), live birth rate (LBR)




1 Introduction

The increasing prevalence of obesity is a significant public health challenge that extends beyond metabolic disorders to encompass reproductive health (1, 2). Evidence suggests that obesity adversely affects both male and female reproductive health, leading to complications ranging from hormonal imbalances to reduced efficacy of fertility treatments (3). In patients undergoing assisted reproductive technology (ART), obesity is associated with diminished ovarian response to stimulation, which negatively impacts oocyte quality and endometrial function. This, in turn, increases miscarriage rates and reduces both the clinical pregnancy rate (CPR) (odds ratio [OR] 0.50, 95% confidence interval [CI] 0.31–0.82) and the live birth rate (LBR) (OR 0.51, 95% CI 0.29–0.87) (4). Therefore, identifying an indicator that accurately reflects the impact of obesity on ART outcomes and using this indicator as a basis to provide targeted adiposity interventions is critical to improving the success of ART.

While body mass index (BMI) has traditionally been used as the standard measure of obesity, it fails to capture the complexities of body composition, particularly the impact of fat distribution on fertility and pregnancy outcomes (5–7). This limitation can obscure how fat, particularly visceral adiposity, influences the endocrine environment and reproductive function. In light of these shortcomings, the present study shifts focus from BMI to a more precise measure of adiposity that directly affects reproductive outcomes: visceral fat area (VFA). Visceral fat, which is stored within the abdominal cavity and around internal organs, has been associated with insulin resistance, inflammation, and altered sex hormone metabolism—factors known to negatively impact fertility and pregnancy outcomes (8–10). Among the methods available for measuring visceral fat, such as computed tomography, magnetic resonance imaging, ultrasound, and bioelectrical impedance analysis (BIA) (11), BIA was selected for the present study owing to its non-invasive nature, cost-effectiveness, convenience, and non-exposure to radiation, offering a practical approach for large-scale studies and clinical applications (12–14).

By using BIA to measure VFA, this study aims to evaluate the relationship between visceral fat and female reproductive outcomes. Isolating the effects of visceral fat will enable a more accurate assessment of its role in fertility and ART success, specifically frozen embryo transfer (FET). This nuanced understanding is essential for developing targeted interventions that could improve reproductive outcomes in women with elevated adiposity. By using VFA as a more precise measure of relevant fat content, we aim to elucidate the pathways through which adiposity affects fertility and pregnancy success, beyond the generalized and somewhat crude metric of BMI.




2 Materials and methods



2.1 Study population

This retrospective cohort study included female patients who underwent FET at the Reproductive Center of Women’s Hospital of Nanjing Medical University between April 2022 and April 2023. The exclusion criteria were as follows: severe chronic diseases (e.g., heart disease, diabetes mellitus, kidney disease), chromosomal abnormalities or genetic diseases in either partner, uterine malformations, endometrial thickness < 6 mm on the embryo transfer (ET) day, and incomplete cycle data.




2.2 Study groups and propensity score matching

Patients who met the inclusion criteria were stratified using a median VFA of 65 cm² as the cutoff point, dividing the patients into two groups: those with a VFA less than 65 cm² were defined as the low VFA group, and those with a VFA of 65 cm² or greater were categorized into the high VFA group. Propensity score matching (PSM) was employed to reduce potential bias between the groups. Patients were matched in a 1:1 ratio based on age, endometrial preparation protocols, and the type of embryos transferred (Supplementary Table S1).




2.3 Ethics approval and consent to participate

This retrospective cohort study was conducted according to the Declaration of Helsinki and was approved by the Ethics Committee of Women’s Hospital of Nanjing Medical University (approval number 2022KY-046). Given the retrospective and anonymized nature of the data analysis, the ethics committee waived the requirement for written informed consent.




2.4 Treatment protocol



2.4.1 Body composition data collection before FET

On the initial day of progesterone (P) exposure, each patient’s body composition was measured by trained professionals using InBody 720, which utilizes BIA to rapidly evaluate body composition without the use of radiation (15). The patients were required to empty their bladder; remove their coats, shoes, socks, accessories, and any metallic items; and stand bare foot on the device, holding onto the measurement handles with the arms extended so that the arms and legs were in direct contact with the electrodes. Data were collected via a computer connected to the device.




2.4.2 FET protocol and luteal phase support

In this study, the endometrial preparation protocols for patients undergoing FET included natural cycle (NC), ovulation induction (OI), and hormone replacement therapy (HRT). The choice of protocol was made by clinicians based on each patient’s medical history and professional judgment.

For evaluation of Day 3 (D3) cleavage-stage embryos, we applied the scoring system established by Scott et al. (16), defining embryos with a score of ≥3 as high-quality. For Day 5 (D5) or Day 6 (D6) blastocysts, grading was performed according to the criteria proposed by Gardner et al. (17), with blastocysts graded ≥3BB considered high-quality. All embryos underwent vitrification followed by thawing, and no embryos were subjected to preimplantation genetic testing (PGT).

Embryo transfer was performed under transabdominal ultrasound guidance. D3 embryos were transferred on Day 3 after progesterone administration (P+3), while D5 or D6 blastocysts were transferred on Day 5 after progesterone administration (P+5). The luteal phase was supported until the 10th week of pregnancy.




2.4.3 Pregnancy outcome

Serum human chorionic gonadotropin (hCG) concentration was measured 14 days after FET to diagnose biochemical pregnancy. An ultrasound examination was conducted 28 days after FET to confirm clinical pregnancy based on the identification of a gestational sac. Miscarriage was defined as the natural termination of a clinical pregnancy before 28 weeks of gestation, with early miscarriage specifically referring to fetal loss before the 12th week of pregnancy. Live birth was defined as the delivery of a living infant at or beyond 28 weeks of gestation. The implantation rate was calculated as the ratio of gestational sacs to the number of embryos transferred. The primary outcome of interest was the CPR, while the secondary outcomes included the implantation rate, biochemical pregnancy rate, miscarriage rate and LBR.





2.5 Statistical analysis

All continuous variables are presented as the mean ± standard deviation, unless otherwise indicated. The comparison of descriptive statistics between the two groups was conducted using the independent-samples t-test. Categorical data were analyzed using Pearson’s chi-square (χ2) test or Fisher’s exact test, and the data are described as frequency (percentage). The Mann–Whitney U test was used to compare non-parametric variables. The univariable and multivariate logistic regression analysis was used to assess the correlation between the VFA and FET outcomes, with VFA categorized into high and low VFA groups based on a threshold of 65 cm². Restricted cubic splines (RCS) were applied to characterize the relationship between the VFA as a continuous variable and FET outcomes. Both the logistic regression analysis and RCS were adjusted for confounding variables, including age, BMI and basal E2 to minimize residual confounding. The statistical analyses were performed using SPSS software (v26.0, IBM Corp., Armonk, NY, US) and R statistical software (v4.2.0, R Foundation, Vienna, Austria). Statistical significance was defined as a two-sided P-value of <0.05.





3 Results



3.1 Baseline characteristics of study participants

The study included 1,510 patients who underwent in vitro fertilization and embryo transfer cycles. The patients were categorized into two groups based on their VFA based on a cutoff threshold of 65 cm2: the low VFA group (VFA < 65 cm2, n = 719) and the high VFA group (VFA ≥ 65 cm2, n = 791). After PSM, 719 paired patients were included for analysis (Figure 1). The baseline characteristics are presented in Table 1. In this study, the low VFA group included 31 patients (4.3%) with a BMI that reached or exceeded 24 kg/m²; conversely, the high VFA group comprised 246 patients (34.2%) with a BMI that was below 24 kg/m². This suggests that even when the BMI is within the normal range or is low, individuals may still have a high accumulation of visceral fat, which could have adverse effects on reproductive health. Compared with the low VFA group, the high VFA group was significantly older (32.39 ± 4.25 vs. 31.31 ± 3.96 years, P < 0.001), had a significantly lower basal E2 levels (40.11 ± 16.76 vs. 42.98 ± 18.39 pg/mL, P = 0.002). The basal P, basal AMH level, type of infertility, factor of infertility, whether it was the first ET cycle, endometrial preparation protocols, endometrial thickness on ET day, type of embryos transferred, number of embryos transferred, number of high-quality embryos transferred were not significantly different between the two groups (all P > 0.05).

[image: Flowchart depicting a study of female patients who underwent frozen embryo transfer from April 2022 to April 2023. Initially, 1,543 patients were considered, with 33 excluded based on criteria like chronic diseases and uterine malformations, leaving 1,510. These were divided by visceral fat area (VFA) into low VFA (<65 cm²) with 719 patients, and high VFA (≥65 cm²) with 791 patients, matched using propensity scoring. Both groups report outcomes: low VFA had 551 biochemical pregnancies, 434 clinical pregnancies, and 365 live births; high VFA had 475 biochemical pregnancies, 386 clinical pregnancies, and 322 live births.]
Figure 1 | Flow chart of the participants included in this study. VFA, visceral fat area; ET, embryo transfer.

Table 1 | Baseline characteristics of patients grouped by VFA.


[image: Table comparing characteristics of patients in low and high VFA groups before and after matching. Includes details such as number of patients, age, BMI group, basal hormone levels, type and factor of infertility, first ET cycle, endometrial preparation protocols, endometrial thickness, type of embryos transferred, number, and quality of embryos transferred. P-values are provided for each characteristic. Data presented as mean ± SD or percentage. Abbreviations include VFA, BMI, E2, P, AMH, PCOS, ET, NC, OI, and HRT.]



3.2 Clinical outcomes between two groups

We compared the clinical outcomes between the two groups (Table 2). Compared with the low VFA group, the high VFA group demonstrated a significantly lower biochemical pregnancy rate (66.1% vs. 76.6%, P < 0.001), implantation rate (42.3% vs. 47.1%, P = 0.005), CPR (53.7% vs. 60.4%, P = 0.011), and LBR (44.8% vs. 50.8%, P = 0.023). There was no significant difference in the miscarriage rate was observed between the two groups of patients (16.6% vs. 15.9%, P = 0.792).

Table 2 | Clinical outcomes of patients grouped by VFA.


[image: Table comparing outcomes between low and high visceral fat area (VFA) groups. Each group has 719 patients. Biochemical pregnancy rates are 76.6% (low) and 66.1% (high) with p-value <0.001. Implantation rates are 47.1% (low) and 42.3% (high) with p-value 0.005. Clinical pregnancy rates are 60.4% (low) and 53.7% (high) with p-value 0.011. Miscarriage rates are 15.9% (low) and 16.6% (high) with p-value 0.792. Live birth rates are 50.8% (low) and 44.8% (high) with p-value 0.023. Data are shown as mean ± SD or percentage.]



3.3 Relationship between VFA and clinical outcomes

Table 3 displays the univariate and multiple logistic regression analysis that was utilized to explore the relationship between the VFA and clinical outcomes. In the univariable model, compared to the low VFA group, the biochemical pregnancy rate (OR 0.59, 95% CI 0.47 - 0.75, P < 0.001), CPR (OR 0.76, 95% CI 0.62 - 0.94, P = 0.011), and LBR (OR 0.79, 95% CI 0.64 - 0.97, P = 0.023) were significantly reduced in the high VFA group, while the miscarriage rate did not show a significant difference. In the multivariate model, after adjusting for age, BMI, and basal E2 levels, the CPR (OR 0.68, 95% CI 0.50 - 0.92, P = 0.013) and LBR (OR 0.73, 95% CI 0.54 - 0.98, P = 0.037) were significantly reduced in the high VFA group compared to the low VFA group, while the biochemical pregnancy rate (OR 0.78, 95% CI 0.56 - 1.08, P = 0.133) and miscarriage rate (OR 1.01, 95% CI 0.60 - 1.72, P = 0.959) showed no significant differences.

Table 3 | Univariate and multiple logistic regression analysis of clinical outcomes.


[image: Table comparing univariable and multivariable outcomes with odds ratios and p-values. Outcomes include biochemical pregnancy rate, clinical pregnancy rate, miscarriage rate, and live birth rate. Univariable odds ratios range from 0.59 to 1.05, with p-values from less than 0.001 to 0.792. Multivariable odds ratios range from 0.68 to 1.01, with p-values from 0.013 to 0.959. Low VFA group serves as a reference. Multivariable model adjusts for age, BMI, and basal E2.]
Figure 2 visualizes the association between the continuous variable of VFA and clinical outcomes after controlling for potential confounders such as age, BMI, and basal E2 levels using RCS models. We found that as VFA increased, the CPR (P-nonlinear = 0.072, P = 0.029) and LBR (P-nonlinear = 0.088, P = 0.040) significantly decreased, while the biochemical pregnancy rate (P-nonlinear = 0.364, P = 0.413) and miscarriage rate (P-nonlinear = 0.904, P = 0.884) were not significantly associated with VFA.

[image: Four graphs comparing odds ratio and VFA with pink confidence intervals. (A) Biochemical pregnancy rate shows a decreasing trend. (B) Clinical pregnancy rate peaks then declines, with significant p-value. (C) Miscarriage rate remains stable. (D) Live birth rate peaks then drops, showing significance. Each plot includes histogram distributions.]
Figure 2 | Association between VFA and clinical outcomes of frozen embryo transfer patients. (A) Relationship with the biochemical pregnancy rate. (B) Relationship with the clinical pregnancy rate. (C) Relationship with the miscarriage rate. (D) Relationship with the live birth rate. Solid lines show the estimation of the difference in clinical outcomes when using VFA=65 as the odds ratios. 95% confidence intervals (CIs) are indicated by shaded areas. The models were adjusted for age, BMI, basal E2. VFA, Visceral fat area.




3.4 Subgroup analysis

As shown in Table 4, we performed subgroup analysis to stratify the association between high VFA group and clinical outcomes. In patients younger than 35 years, after adjusting for confounding factors, a high VFA was associated with a significant reduction in the CPR (OR 0.65, 95% CI 0.46 - 0.93, P = 0.018) and LBR (OR 0.70, 95% CI 0.49 - 0.98, P = 0.038); however, in patients aged 35 or older, regardless of whether confounding factors were adjusted for, there was no significant association between high VFA and CPR or LBR (all P > 0.05). Among patients with a BMI less than 24 kg/m², a high VFA significantly reduced CPR (univariable model: OR 0.72, 95% CI 0.54 - 0.96, P = 0.027; multivariable model: OR 0.66, 95% CI 0.46 - 0.94, P = 0.020) and LBR (univariable model: OR 0.73, 95% CI 0.54 - 0.98, P = 0.034; multivariable model: OR 0.65, 95% CI 0.45 - 0.92, P = 0.015), regardless of confounding factors; in contrast, in patients with a BMI of 24 kg/m² or greater, there was no significant correlation between high VFA and CPR or LBR (P > 0.05).

Table 4 | Subgroup analysis for association between high VFA group and clinical outcomes.


[image: Table showing clinical pregnancy rates and live birth rates by age and BMI groups. Univariable and multivariable odds ratios with confidence intervals and p-values are presented. Interaction p-values are included. The multivariable model adjusts for age, BMI, and basal E2.]




4 Discussion

This study, which utilized BIA to measure VFA, provides an in-depth retrospective analysis of data from patients who underwent FET, with the goal of elucidating the complex relationship between visceral fat and pregnancy outcomes. The results revealed a significant correlation between VFA ≥ 65 cm² and diminished ART success, as evidenced by lower CPR and LBR.

Previous research on the impact of excess fat on the pregnancy outcomes of ART has yielded inconsistent results. While some studies have reported no significant correlation between obesity and ART outcomes (18–20), a larger body of clinical research suggests a more nuanced relationship (5, 21–23) which is consistent with our findings. In this study, 4.3% of patients were classified as overweight or obese based on BMI criteria but had a lower VFA, whereas 34.2% were considered normal weight or underweight based on BMI but had a higher VFA. These findings align with Jia et al.’s perspective that BMI alone may no longer be sufficient to accurately assess obesity, and that VFA offers a more precise indication (24, 25). Specifically, in the context of reproductive medicine, measuring VFA provides a more accurate evaluation of a patient’s fertility potential and can help guide more effective and individualized treatment strategies.

In this study, a VFA of ≥65 cm² was associated with poorer pregnancy outcomes following FET. Using this VFA threshold, we observed that patients in the high VFA group were older and had lower basal E2 levels. Previous studies have suggested that advanced age and lower basal E2 levels are linked to adverse reproductive outcomes (26, 27). However, even after adjusting for various confounding factors that could influence pregnancy outcomes, our results still demonstrated a significant negative correlation between VFA and both CPR and LBR, highlighting the potential adverse effects of visceral fat on FET success rates. Excessive fat accumulation may impair endometrial receptivity, with growing evidence indicating that obesity in females can disrupt the conditions necessary for successful implantation. A 2013 study using oocyte donation cycles from healthy-weight donors to isolate the impact of obesity on oocyte and embryo quality found that recipients who were overweight or obese exhibited lower implantation rates, as well as lower CPR and LBR, compared to those with a healthy weight (28). In China, where legislation and regulation regarding oocyte donation remain stringent, many studies have controlled for embryo quality through high-quality autologous embryo transfers, adjusting for potential confounders, and still found that obesity was associated with lower implantation rates, CPR, and LBR (21, 29). These clinical findings are consistent with our conclusions and further refine the understanding of how visceral fat accumulation affects ART pregnancy outcomes. High levels of visceral fat may interfere with healthy embryo implantation and endometrial preparation through several mechanisms, including pro-inflammatory responses (30), hormone regulation (31), and cellular signal disruption (32). A transcriptomic study demonstrated that women with obesity—83.3% of whom had central obesity—showed distinct endometrial gene expression profiles during the embryo implantation window compared to controls (33). This analysis underscores the critical role of visceral fat in reproductive health, suggesting that its impact extends beyond general obesity as indicated by BMI.

The direct association between visceral adiposity and impaired reproductive outcomes highlights the need for targeted interventions to manage and reduce visceral fat in order to improve ART success rates. In our stratified analysis, we found that an increase in VFA levels was significantly correlated with poorer CPR and LBR in women under the age of 35, while no significant correlation was observed in women aged 35 or older. This suggests that the adverse effects of visceral fat accumulation on reproductive health are more pronounced in younger women, whereas in older women, VFA may not be the primary factor influencing reproductive outcomes. Several studies have reported similar findings (5, 6). Among women with a normal or underweight BMI, 43.2% had a high VFA, which was significantly associated with reduced CPR and LBR. This suggests that the specificity of fat distribution, particularly the accumulation of visceral fat, should be an important consideration when assessing fertility in this population. In contrast, no significant correlation was found between VFA and CPR or LBR in the overweight or obese group, likely due to the generally high VFA levels in this cohort—only 4.3% of patients in this group had low VFA, rendering the impact of VFA as a single variable relatively weak in the overall analysis. Therefore, for younger women, even those with a normal or underweight BMI, managing body fat distribution, particularly reducing visceral fat accumulation, should be considered an important strategy for maintaining reproductive health and improving fertility potential. For older women, however, a comprehensive approach that considers multiple factors is necessary to avoid delaying treatment.

In summary, our study utilized BIA to accurately measure VFA, offering a novel approach to examining the effects of visceral fat on ART outcomes. This method provides a more detailed understanding of how specific body composition factors, beyond BMI, influence FET success. Moreover, the adjustment for various confounding factors enhances the robustness and credibility of the findings, facilitating a reliable exploration of the relationship between visceral fat and pregnancy outcomes. However, as this was a single-center retrospective study with a relatively small sample size, the generalizability of the findings to diverse populations with different ethnic backgrounds or health profiles may be limited. Therefore, future prospective studies with larger sample sizes are needed to further investigate the relationship between visceral fat and FET pregnancy outcomes.




5 Conclusions

This study identified a significant association between VFA and pregnancy outcomes following FET through an in-depth retrospective analysis. After adjusting for age, BMI, and basal E2 levels, a high VFA was significantly correlated with lower CPR and LBR, with a VFA threshold of 65 cm². This VFA threshold provides a novel benchmark for clinical guidance on adiposity management in ART, potentially enabling more effective and personalized interventions.
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Background

One potential cause of implantation failure is abnormal endometrial receptivity, and how to objectively evaluate endometrial receptivity has been a matter of great concern. Endometrial receptivity analysis (ERA), a next-generation sequencing-based test that assesses endometrial gene expression, may be valuable in predicting endometrial receptivity, but whether ERA improves pregnancy outcomes in patients with recurrent implantation failure (RIF) is currently controversial. The purpose of this study was to investigate the effect of ERA on pregnancy outcomes in patients with RIF.





Methods

We performed a retrospective cohort study analysis for a population of patients with RIF undergoing frozen embryo transfer (FET) cycles in the reproductive center of the Third Affiliated Hospital of Zhengzhou University from January 2019 to December 2022(n=1598). FET cycles with personalized embryo transfer (PET) under ERA guidance were included in the ERA group (n=43); after using propensity score matching (PSM), a total of 120 FET cycles were included as a control group. Pregnancy outcomes were compared between the two groups. Further, the relationship between the number of previous implant failures and the rate of implant window displacement was discussed. The factors affecting the window of implantation (WOI) displacement were also assessed.





Results

There was no statistically significant difference in embryo implantation rate, clinical pregnancy rate, spontaneous abortion rate, and live birth rate between the ERA group and the matched control patients (P > 0.05). There was no significant difference in the rate of WOI displacement between patients in the moderate or severe groups (P > 0.05) and no significant difference in pregnancy outcome ( P>0.05). Finally, analysis of the clinical data of patients in the receptive and non-receptive groups did not uncover any factors influencing WOI displacement.





Conclusion

The results of the study showed no significant difference in pregnancy outcomes in patients who received ERA compared to those who did not.
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Introduction

Reproductive medicine has made many advances and achievements over the past 40 years, but recurrent implantation failure (RIF) remains a challenging problem (1, 2). There is a lack of consensus on the definition of RIF, with the approximate prevalence of RIF ranging from 10%~20% (1, 3, 4). RIF can be a huge financial and psychological burden for patients, so there is an urgent need to search for the cause of RIF and for treatments that can improve their pregnancy outcomes. RIF involves complex etiologies (2, 5, 6); the complexity of the causes of RIF dictates the need to develop individualized treatment plans in clinical practice.

Successful implantation requires synchronization of the embryo and maternal endometrial development. Despite using good-quality euploid blastocysts, implantation failure occurs in approximately 32%-51% of embryos at the time of transfer (7). One potential cause of implantation failure is endometrial receptivity abnormalities (2, 8), mainly manifested by window of implantation (WOI) displacement and/or pathological disruption of the endometrium (9, 10). The main methods commonly used to assess endometrial receptivity are serum estrogen and progesterone levels and ultrasound morphological assessment (9). However, these methods currently have limitations such as low specificity and limited predictive value. Therefore, finding an effective diagnostic tool to objectively and accurately identify WOI for personalized embryo transfer (PET) is essential to improve pregnancy outcomes in patients with RIF. In recent years, with the development of genomics and high-throughput sequencing technologies, ERA has become a novel diagnostic method to objectively assess endometrial receptivity from a molecular perspective (11). ERA requires an endometrial biopsy taken at a specific period of menstruation to analyze gene expression and classify the results of the sample as pre-receptive, receptive, or post-receptive (12). According to the endometrial receptivity status measured by ERA, the patient adjusts the duration of progesterone exposure in the next cycle, and PET is performed to optimize embryo and endometrial synchronization. The effectiveness of ERA in enhancing clinical outcomes has not been convincingly established. While certain earlier investigations have indicated that PET can enhance clinical outcomes for patients experiencing RIF (13, 14), there are also studies that have determined that PET does not significantly improve pregnancy outcomes for this patient group (15, 16). On the other hand, Ruiz-Alonso et al. showed that the rate of non-receptive endometrium is higher in women with RIF than in those without RIF (17).

In order to observe the clinical application value of ERA in RIF population, this study investigated the effect of ERA-adjusted PET on pregnancy outcomes of FET cycles in RIF patients, and further analyzed the efficacy of ERA in patients with different number of previous implantation failures. Our study also compared the clinical specificities of receptive and non-receptive patients and analyzed whether there were underlying etiologies affecting WOI displacement.





Materials and methods




Study design

Retrospective analysis of clinical data of patients with RIF who underwent FET at the Third Affiliated Hospital of Zhengzhou University Reproductive Medicine Center from January 2019 to December 2021.RIF is defined as the absence of implantation after two consecutive cycles. The cumulative number of transferred embryos was no less than four for cleavage-stage embryos and no less than two for blastocysts (4). Cycles in which PET was performed according to ERA results served as ERA group, and cycles in which conventional FET was performed as control group. The same patient treated with multiple cycles of freeze-thaw between January 2019 and December 2021 was included in only their first cycle. Patients in the ERA and control groups were matched 1:3 using propensity score matching (PSM). The main observations were the clinical pregnancy rate. The patients in the ERA group were further divided into a moderate group (previous number of cycles without achieving implantation <4) and a severe group (previous number of cycles without achieving implantation ≥4) according to the number of previous failures, and the effect of PET on pregnancy outcomes in both groups was analyzed. In addition, the ERA test results were divided into pre-receptive, receptive, and post-receptive periods, and we included the receptive in the receptive group and the pre-receptive and post-receptive periods in the non-receptive group according to the ERA test results. The baseline characteristics of the two groups and the differences in the underlying disease between the two groups of patients were analyzed to search for factors that may contribute to WOI displacement (Figure 1).

[image: Flowchart detailing FET cycles in relation to ERA guidance. Total RIF patients experiencing ERA are divided into receptive (n=32) and non-receptive groups (n=21). FET cycles under ERA guidance (n=43) are categorized into moderate (n=25) and severe groups (n=18). FET cycles without ERA guidance number 1555. After a 1:3 propensity score match, 163 cycles are matched, divided into a control group (n=120) and an ERA group (n=43).]
Figure 1 | The flow chart of the study. ERA, endometrial receptivity analysis; FET, frozen embryo transfer; RIF, recurrent implantation failure.





Participants

Inclusion criteria: (i) Experienced at least 2 fresh or FET cycles of embryo transfer and cumulative transfer of at least 4 high-quality cleavage-stage embryos or 2 blastocysts without obtaining a clinical pregnancy; (ii) Age < 40 years; (iii) FET cycle. Exclusion criteria: (i) Oocyte donation for pregnancy; (ii)Severe chromosomal abnormalities in either the male or female partner; (iii) Severe endocrine, immune, and coagulation abnormalities that have not been corrected to normal, etc.; (iv) Patients with the incomplete data recording.





ERA and PET

The formulation of FET protocol for patients is mainly based on the regularity of menstrual cycle and previous ovulation. For those patients with regular menstrual cycle and no ovulation disorder, transvaginal ultrasound was used to monitor follicular development and endometrial conditions from the 9th to 12th day of the menstrual cycle. When the dominant follicle was ≥18 mm, estradiol (E2) ≥550 pmol/L, and luteinizing hormone (LH)<10 U/L, human chorionic gonadotropin (β-HCG) was given to induce ovulation. Vaginal ultrasound monitoring was continued, and progesterone was administered starting on the day of ovulation to transform the endometrium: Oral dydrogesterone tablets (Dydrogesterone, Sauvage Pharmaceutical Co., the Netherlands, 10 mg/tablet) 10 mg twice daily, and 8% progesterone vaginal sustained-release gel (Serovar, Merck Serono Co., Germany, 90 mg/tablet) 90 mg once daily, 90 mg vaginal or progesterone soft capsules (Angeltam, France, France). 100 mg/pill), 200 mg twice daily, vaginally. A small sample of endometrial tissue was aspirated from the base of the uterus using an endometrial sampler on day 5 after transformation for detection. For those with irregular menses or ovulatory disorders, estradiol valerate (Progyla, Bayer Healthcare GMBH, Germany) is given orally 2-3 mg two to three times a day, combined with endometrial thickness during previous ovulatory periods. Estrogen was used for at least 10 days. When endometrial thickness >7 mm and E2 ≥100 ng/L, endometrial transformation began, and the pattern of progesterone transformation was consistent with the natural cycle. Similarly, a small sample of endometrial tissue was aspirated from the bottom of the uterus using an endometrial sampler on day 5 after transformation for detection. The steps of the endometrial biopsy were: washing the surface of endometrial tissue with sterile saline and then quickly put into liquid nitrogen, and then transferring it to a -80°C refrigerator for subsequent ribonucleic acid ( RNA) extraction. Extract RNA, reverse transcribe RNA to synthesize complementary deoxyribonucleic acid (cDNA), construct cDNA library, library quality control, and perform high-throughput sequencing. The data were analyzed using Chromgo, a computerized prediction program that gives "receptive" or "non-receptive" results for the endometrium examined, and "non-receptive" is further divided into "pre-receptive" and "post-receptive.” For patients with an ERA result of "receptive" endometrium, FET is performed at that time point in the next identical cycle, while for patients with "non-receiving" endometrium, the timing of embryo transfer will be adjusted according to the ERA results.





Observation indicators

Clinical pregnancy was defined as the observation of one or more gestational sac on transvaginal ultrasonography 4 to 5 weeks after embryo transfer; Those with spontaneous termination of pregnancy at gestational age <24 weeks were considered spontaneous abortions; Live birth was defined as a newborn with one of four vital signs of heartbeat, breathing, umbilical cord pulsation, and muscle tension after delivery at 28 weeks of gestation or birth weight of 1000 grams or more. The pregnancy outcomes, including embryo implantation rate, clinical pregnancy rate, spontaneous abortion rate, and live birth rate, were compared between the two groups. Embryo implantation rate = total number of gestational sac transferred/total number of embryos transferred ×100%; Clinical pregnancy rate = number of clinical pregnancy cycles/total number of transplantation cycles ×100%; Spontaneous abortion rate = number of spontaneous abortion cycles/number of clinical pregnancy cycles × 100%; Live birth rate = number of cycles of live birth delivered at ≥28 weeks of gestation after transplantation/total number of transplant cycles ×100%.





Statistical methods

To adjust for confounding factors associated with pregnancy outcomes, PSM was performed; the variables in the PSM include age, body mass index (BMI), years of infertility, type of infertility, basal follicle-stimulating hormone (FSH), endometrial thickness on the day of transfer, number of previous transfer failures, endometrial preparation protocol, number of embryos transferred, type of embryos transferred, and number of quality embryos transferred. To optimize the precision of the study, PET patients were matched to non-PET patients in a 1:3 matching ratio. The majority of PET patients were successfully matched with 3 non-PET patients. Finally, 43 PET patients were matched to 120 non-PET patients.

Normality assumptions for continuous variables were tested using the Kolmogorov-Smirnov test. For continuous variables that are approximately normally distributed, the mean ± standard deviation is used for statistical description, and for continuous variables that are not normally distributed, the median and interquartile spacing is used for statistical description. Student's t-test or Mann-Whitney test was used to compare statistical data between groups according to whether the data obeyed normal distribution. For categorical variables, the statistical analyses were performed using the chi-square test or Fisher's exact test for comparisons of outcomes. All tests were two-tailed; P < 0.05 was considered significant.

Sample size calculations were performed before the study was conducted to determine adequate statistical power for the study. A two-sided significance level of 0.05 and a power of 80%, calculated with PASS15, resulted in a minimum of 32 participants in the experimental group. The final control group of this study included a total of 43 study subjects, and the sample size of the study had sufficient statistical power.






Results




Basic patient information

From January 2019 to December 2021, a total of 53 RIF patients were treated with ERA in our center, of which 43 patients received FET cycle transplantation during this period, and the first PET cycle of these 43 patients was included in the ERA group, and the control group was finally included in 1555 cycles. A total of 120 cycles were matched as controls after 1:3 PSM. Before PSM, there was a statistical difference between the ERA and control groups in terms of years of infertility (4.40 ± 2.45 vs. 3.55 ± 2.77, P =0.042), type of infertility (55.8% vs. 37.4%,P =0.014), and number of previous graft failures (3.49 ± 1.37vs.2.14 ± 0.44, P <0.001). After PSM, there was no statistically significant difference in baseline information between the two groups (P > 0.05) (Table 1).

Table 1 | Comparison of baseline information between the two groups before and after PSM.


[image: A comparative table showing variables related to infertility treatment, before and after propensity score matching (PSM) in ERA and control groups. Variables include age, BMI, years of infertility, type of infertility, and endothelial preparation programs. Data presents mean values and frequencies, with statistical tests (t/χ² values) and P values for each variable, indicating the statistical significance of differences between groups. The table also details numbers and types of embryos transferred, along with quality metrics. Definitions and mean plus standard deviations are provided for each parameter.]




Comparison of pregnancy outcomes between the two groups

In terms of clinical outcomes, the differences between the ERA group and control patients after PSM were not statistically significant (P > 0.05) in terms of embryo implantation rate (32.9% vs. 34.7%), clinical pregnancy rate (51.2% vs. 48.3%), spontaneous abortion rate (22.7% vs. 20.7%), and live birth rate (39.5% vs. 38.3%) than in the control group (Table 2). Patients in the ERA group were further divided into severe (n=18) and moderate (n=25) groups according to the number of previous embryo transfer failures. There were no significant differences in WOI shift rate (44.0% vs 44.4%), embryo implantation rate (29.3% vs 37.9%), clinical pregnancy rate (44.0% vs 61.1%), spontaneous abortion rate (18.2% vs 27.3%) and live birth rate (36.0% vs 44.4%) between the two groups (Figure 2).

Table 2 | Comparison of clinical outcomes between the two groups of patients after PSM.


[image: Table comparing variables between ERA and Control groups: Implantation Rate is 32.9% for ERA and 34.7% for Control. Clinical Pregnancy Rate is 51.2% for ERA and 48.3% for Control. Spontaneous Abortion Rate is 22.7% for ERA and 20.7% for Control. Live Birth Rate is 39.5% for ERA and 38.3% for Control. T/Chi-square and P values are listed, with no significant differences. Data given as mean ± standard deviation or median and interquartile spacing. ERA stands for endometrial receptivity analysis.]
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Figure 2 | Comparison between the moderate and severe RIF group of patients in the ERA group. WOI DR, window of implantation displacement rate; IR, implantation rate; CPR, Clinical Pregnancy Rate; SAR, Spontaneous abortion rate; LBR, Live birth rate.





Comparison of clinical characteristics of patients in the receptive and non-receptive phases

Of the 53 patients who underwent ERA testing, 39.62% had ERA results of WOI displacement, of which 80.95% showed a pre-receptive status and 19.05% showed a post-receptive status. Comparing the clinical characteristics of the two groups, the age, BMI, years of infertility, type of infertility, basal FSH, basal LH, basal E2, basal progesterone, endometrial thickness on the transplantation date, number of previous transplantation failures, whether infertility was due to male factor, whether infertility was due to pelvic tube factor, whether combined with endometriosis, whether combined with endometrial polyps, whether combined with polycystic ovary syndrome in both groups The differences were not statistically significant (P > 0.05).






Discussion

In this retrospective cohort study, we used PSM to reduce confounding bias. The results of our study showed that PET performed under ERA guidance did not significantly improve pregnancy outcomes in RIF patients with FET cycles. To clarify whether the number of previous implant failures of patients affects pregnancy outcomes after PET, we performed a subgroup analysis of ERA patients according to the number of previous implant failures and divided them into a severe group and a moderate group, which showed no statistical difference in WOI excursion rate and pregnancy outcome between the two groups. In this study, we further analyzed the factors affecting WOI displacement, divided the patients into receptive and non-receptive groups based on the ERA test results, and analyzed the clinical characteristics of the two groups, which showed no statistically significant differences between the clinical characteristics of the two groups.

In this study, 39.62% of the RIF patients who underwent ERA testing experienced a WOI displacement, and of those who experienced a displacement, 80.95% exhibited a pre-receptive state, and 19.05% exhibited a post-receptive state. There was no significant difference between the receptive and non-receptive groups in terms of the number of previous implant failures, infertility factors, the prevalence of endometriosis (EMS), polycystic ovarian syndrome (PCOS), and endometrial polyps. The results of many studies have shown that diseases such as PCOS and EMS affect endometrial receptivity (ER) (18–22). The significant decrease in ER in PCOS patients is closely related to the regulatory mechanisms of oxidative stress, metabolic abnormalities, endocrine disruption, and other mechanisms in the endometrium (23, 24). Patients with EMS with infertility have a variety of abnormally expressed factors related to endometrial receptivity in the endometrium in situ, and EMS patients often have varying degrees of decreased endometrial receptivity (25). Previously, Mahajan et al. tested ERA in patients with a history of previous implant failure, and their findings showed that EMS patients were more likely to have a displaced WOI (26). But our study results showed a similar prevalence of EMS in both groups. We have a different population scope than Mahajan et al. study. Further exploration is needed regarding whether EMS causes WOI displacement.

The results of our study showed no significant difference in pregnancy outcomes of patients between the ERA and control group. In 2013 a small prospective study conducted found that PET improved pregnancy outcomes in patients with RIF (17). The results of the 5-year multicenter randomized controlled trial study published by Carlos Simón et al. in 2020 showed a significantly higher cumulative live birth rate in patients who received PET compared to controls after 12 months of follow-up in a study population of patients undergoing their first embryo transfer (14). A recent systematic review published by Arian et al. showed no significant difference in pregnancy outcomes between patients in the PET and non-PET groups, and subgroup analysis of three studies with populations of patients with RIF showed that ERA did not significantly improve pregnancy outcomes (27). We divided the patients into a moderate RIF group and a severe RIF group according to the number of previous implant failures to explore whether PET is more valuable for patients with more previous implant failures. The results showed that there was no statistically significant difference in the rate of WOI displacement in the moderate group compared with the severe group, and there was no significant difference in pregnancy outcome between the two groups. Previous studies have found that WOI displacement occurs in a proportion of patients with a good prognosis, but in RIF, it occurs at a higher rate (17). Our study was analyzed for the RIF population, and the results did not show a greater value of PET for RIF patients with a greater number of previous implant failures.

The complexity and diversity of the etiology of RIF require the clinician to develop an individualized treatment plan for each etiology of the patient, and WOI displacement may only be part of the etiology of embryo implantation failure in RIF patients, as maternal status and embryo ploidy can affect embryo implantation (1, 2, 4, 7). In 2021 a retrospective study showed that the combination of ERA and endometrial immunoblots is more likely to be of clinical value than ERA or immunoblots alone (28). Our study excluded populations with immune abnormalities, but our study did not ensure that all transferred embryos were in a haploid state. Violeta Fodina et al. showed that RIF patients could benefit from the use of the preimplantation genetic testing (PGT-A) method to detect embryonic aneuploidy, but the ability of ERA testing to improve clinical outcomes in intracytoplasmic sperm injection (ICSI) cycles appears to be rather limited (29). A study by Mauro Cozzolino et al. showed that PGT-A may be beneficial in patients with moderate recurrent implantation failure but not in severe cases and that ERA has no clinical benefit in patients with RIF (30). In clinical practice for patients with RIF, ERA is currently available as a complementary test after excluding embryonic factors and other maternal etiologies.

The advantage of this study is that the use of PSM makes the study more comparable. Real-world studies (RWS) are susceptible to confounding factors that make the credibility of their findings questionable, while PSM can better address the issue of comparability between the RWS treatment and control groups (31). We explored whether PET is more valuable in patients with a higher number of previous implant failures and, in addition, analyzed the effect of the patient’s underlying disease on WOI displacement to guide the clinical application of ERA.

A limitation of this study is that partial endometrial damage can occur during ERA endometrial sampling, and a recent meta-analysis showed that the effect of endometrial damage on the live birth rate is not known (32). Therefore, it is unclear whether endometrial damage as part of the ERA procedure would have any impact on the pregnancy outcomes we observed. On the other hand, technology is rapidly advancing, and some scholars have suggested that the accuracy of next-generation sequencing (NGS) technology may surpass that of array sequencing. Previous research findings should be re-validated using NGS to avoid discrepancies in results across different studies. With the continuous updates in ERA technology, further research is needed to determine whether it is possible to more sensitively and accurately determine the Window of Implantation (WOI), thereby significantly improving pregnancy outcomes. In the future, more accurate detection methods may emerge to enhance the clinical application value of ERA. Additionally, proteomics and microbiomics may also become reliable tools for studying the WOI. Our study is a non-large sample size retrospective study, ERA is not a routine test in assisted reproductive technology clinics, and previous articles on the effectiveness of ERA and potential factors influencing WOI migration are limited and not conclusive at this time. Future prospective randomized controlled trials with large sample sizes are needed to assess the value of ERA in clinical practice.





Conclusion

In our study, PET did not significantly improve pregnancy outcomes in patients with RIF, no significant differences in pregnancy outcomes were found between patients with moderate and severe RIF after PET, and no underlying etiology affecting WOI displacement was identified. Patients undergoing ERA testing need to undergo invasive testing to obtain the tissue samples for the ERA test, and patients are not available for embryo transfer in the month of testing, which results in longer patient treatment times, increased medication use during treatment, and additional invasive medical interventions. On the other hand, ERA is an additional financial burden for the patient. ERA is still in the research stage, but its accuracy in predicting WOI and the improvement effect on clinical outcomes are not clear, so it is not recommended as a routine treatment for RIF patients.
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Background

Growth hormone (GH) could improve the outcomes of in vitro fertilization and embryo transfer (IVF-ET) in patients with decreased ovarian reserve (DOR), but which age group will benefit the most has remained controversial. This study aims to explore the outcome of IVF-ET among differently aged patients with DOR treated with GH.





Methods

A total of 846 patients with DOR undergoing IVF-ET from May 2018 to June 2023 at the Reproductive Medicine Center of Sichuan Provincial Women’s and Children’s Hospital were prospectively enrolled. The patients were divided into group A (< 35 year old, n = 399), group B (35 ~ 40 year old, n = 286), and group C (> 40 year old, n = 161). Each group was sub-divided into the GH part and the control part, with the former receiving pretreatment with GH 4 IU/day on day 2 of the previous menstrual cycle before the injection of gonadotrophin (Gn) until the trigger day. The ovarian stimulation protocol was gonadotrophin-releasing hormone antagonist (GnRH-A) or long-acting GnRH agonist protocol. The quality of oocytes and embryos and the outcome of pregnancy were compared.





Results

In group B, the number (1.16 ± 0.12 vs. 0.74 ± 0.09) and rate (34.27% vs. 23.90%) of high-quality cleavage embryos, rate of implantation (32.37% vs. 22.35%), clinical pregnancy (48.98% vs. 33.67%), and live birth (44.90% vs. 29.59%) were significantly higher, whereas the canceled oocyte retrieval rate was significantly lower (1.49% vs. 6.58%) in the GH part than those of the control part (P < 0.05). In group B, the duration and dose of Gn, number of oocyte retrieved, and rates of normal fertilization, cleavage embryo, blastocyst, high-quality blastocyst, and early miscarriage were not significantly different between the GH and control parts (P > 0.05). In groups A and C, no significant difference was detected in the quality of embryos and outcomes of embryo transfer with or without pretreatment (P > 0.05).





Conclusion

GH could improve the quality of embryos and live birth rate for patients with DOR aged 35–40 years old.
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Introduction

The pathological feature of decreased ovarian reserve (DOR) is the reduction of ovarian follicles and female reproductive ability, with clinical characteristics as decreased serum level of anti-Müllerian hormone (AMH) and antral follicle count (AFC) (1). As reported in 2023, the overall prevalence of DOR was 37.2% among Korean women (2). About a third of patients with DOR may show poor ovarian response (POR) during in vitro fertilization and embryo transfer (IVF-ET), which is manifested as high risk for cycle cancellation, fewer oocytes and embryos, and lower chance for live birth (3–5). DOR has also been associated with miscarriage, recurrent pregnancy loss, and preeclampsia (6–8). The underlying reasons for DOR are complex, which may include advanced female age, ovarian and pelvic surgery, chemotherapy and radiotherapy, ovarian endometriosis cyst, smoking, pelvic infection, and environmental pollutants (9).

Some strategies have been tried to improve the outcome of IVF-ET for patients with DOR, including improved ovarian stimulation (OS) protocols, injection of luteinizing hormone (LH) during OS, pretreatment with growth hormone (GH), coenzyme Q10, and dehydroepiandrosterone (DHEA), and traditional Chinese medicine (4, 10–12). Among these, the number of studies and patients enrolled was relatively large for pretreatment with GH, a pleiotropic multifunctional hormone secreted by adenohypophyseal cells. In 1986, the first hypothesis of GH usage in IVF-ET was proposed (13). In 1991, GH co-treatment for poor responders was firstly reported (14). In 2015, GH had been recommended for poor ovarian responders by Chinese guidelines (15). Researchers have reported that GH could improve follicle development (including steroidogenesis, ovulation, and corpus luteum function), quality of oocyte (maturation and fertilization), and ovarian response to exogenous gonadotrophin (Gn) (16). Several meta-analyses have shown that GH could improve the number of oocytes retrieved and rates of fertilization, high-quality embryo, implantation and clinical pregnancy while reducing the cycle cancellation rate in patients with DOR (4, 17–20). However, whether GH can improve the live birth rate (LBR) has remained controversial. In 2020, a meta-analysis involving 1,448 poor ovarian responders undergoing IVF or intracytoplasmic injection (ICSI) has shown that GH supplementation could significantly improve the LBR [relative risk, 1.74; 95% confidence interval (CI): 1.19–2.54; P = 0.004] (19), while another meta-analysis involving 1,139 poor ovarian responders has found no significant difference [odds ratio, 1.34; 95% CI: 0.88–2.55; P = 0.17] (17). It is worth noting that both studies had not considered the age of patients.

DOR with age is a physiological phenomenon, particularly in those >35 years, and is more obvious in those >40 years. On the other hand, DOR in younger women is mainly due to pathological factors. Compared with elder women, the quality of oocytes and embryos and outcomes of IVF-ET were better in young women with DOR (21). Therefore, female age must be considered when exploring LBR among women with DOR treated with GH. The secretion of GH may decrease with aging (22); therefore, GH may be suitable for elder women, though this was not without dispute. Kevin et al. (23) retrospectively have reported that LBR was increased by GH in all age-grouped patients with a poor prognosis (<35 years, 34.8% vs. 12.3%, P = 0.025; 35–39 years, 24.0% vs. 2.1%, P = 0.001; 40–44 years, 12.5% vs. 2.4%, P = 0.027). Cai et al. (24) reported that LBR could be improved by GH in poor ovarian responders >35 years old (27.3% vs. 9.2%, P = 0.003) as well as in patients aged <35 years old (29.6% vs. 28.8%, P = 0.935), while Zhu et al. (25) have reported that GH could not benefit LBR among poor ovarian responders in all age groups. Therefore, we have conducted this prospective cohort study to explore the LBR among age-grouped patients with DOR treated by GH.





Materials and methods




Study population

From May 2018 to June 2023, patients with DOR undergoing gonadotrophin-releasing hormone antagonist (GnRH-A) or long-acting GnRH agonist (GnRH-a) protocol at the Reproductive Medicine Centre of Sichuan Provincial Women’s and Children’s Hospital were prospectively enrolled. DOR was diagnosed as AFC <7 and AMH <1.1 ng/mL (26). Patients were excluded from the study if they meet any of the following criteria: (1) uterine disease which may affect embryo implantation, such as congenital uterine malformation, submucosal or intramural uterine fibroids, intrauterine adhesion, and adenomyosis; (2) uncontrolled endocrinopathies, such as diabetes, hyperthyroidism, hypothyroidism, and/or hyperprolactinemia; (3) chromosomal aberration; (4) previous OS within 3 months; (5) fertilization with donor’s sperm or oocyte; and (6) treatment with coenzyme Q10 or DHEA and other drugs to improve the ovarian response. Any contraindication to the use of GH was excluded for patients pretreated with GH. The patients were divided into group A (<35 years old), group B (35–40 years old), and group C (>40 years old). Thereafter, each group was sub-divided into the GH part and the control part. The AFC, body mass index (BMI), and serum levels of follicular stimulation hormone (FSH), LH, estradiol (E2), progesterone (P), total testosterone (TT), prolactin (PRL), and AMH were measured as described elsewhere (27).





Ovarian stimulation

With the GnRH-A protocol, the patients had received a daily injection of 225–300 IU recombinant follicular stimulation hormone (rFSH, Gonal-F, Merck-Serono KGaA., Darmstadt, Germany; Jinsai Heng, Jinsai Pharmaceuticals, China; Puregon®, Merck Sharp & Dohme, USA) from day 2 to 3 of the menstrual cycle until the trigger day. The dose of rFSH was adjusted according to the follicular development and serum level of E2. When the diameter of the dominant follicle had reached 14 mm or when the serum level of LH was ≥10 mIU/mL, 0.25 mg GnRH-A (Ganirelix, Ocalon, USA) was injected subcutaneously daily until the trigger day. With the GnRH-a protocol, 3.75 mg leuprorelin acetate (Shanghai Livzon Pharmaceutical, China) was injected once on days 2 to 3 of the menstrual cycle. At 28–35 days later, when the pituitary was downregulated (serum FSH and LH <5 mIU/mL, E2 <50 pg/mL, and diameter of follicle <5 mm), 225–300 IU of rFSH was injected daily until the trigger day.

With both OS protocols, when the diameter of at least one or two follicles had reached 18 mm, 250 μg of recombinant human chorionic gonadotrophin (rHCG, Merck-Sheranova, Germany) was injected, and the oocytes were retrieved under transvaginal ultrasound guidance after 36.5 h. With the GnRH-A protocol, some patients were injected with a dual trigger, i.e., 0.1 mg triptorelin (Changchun GeneScience Pharmaceuticals Co., Ltd., Changchun, Jilin, China) in combination with 4,000 IU HCG (Shanghai Livzon Pharmaceutical, China). The patients from the GH part were subcutaneously injected with 4 IU/day recombinant GH (rGH, Changchun GeneScience Pharmaceuticals Co., Ltd., Changchun, Jilin, China) on day 2 of the previous menstrual cycle before rFSH until the trigger day, and those from the control part had received no pretreatment. Ovarian hyper-stimulation syndrome (OHSS) was diagnosed and graded according to Navot et al. (28). The reasons for the cancellation of oocyte retrieval had included follicular growth failure (10 days after OS, leading to follicle diameter <10 mm) and premature ovulation before oocyte retrieval.





In vitro fertilization and embryo culture

Following oocyte retrieval, IVF or ICSI was conducted according to the quality of sperm. Mature oocyte was defined as being at the metaphase II (MII) stage with the first polar body visible in the cytoplasm. Normal fertilized oocyte was defined as containing two pronuclei (2PN). Embryos after fertilization were cultured in sequential G1-plus/G2-plus medium (Vitrolife, Sweden) at 37°C under 6% CO2 and 5% O2. Day 3 cleavage embryo was scored based on the number of blastomeres and degree of fragmentation, and the high-quality embryo was categorized as grade A/B (29). On day 5 or 6, the blastocyst was scored by Gardner and Schoolcraft’s system, and 4BB or better was considered as a high-quality blastocyst (29).





Fresh embryo transfer and luteal phase support

All embryos were frozen on any of the following conditions: no transplantable embryo formation, abnormal endometrium (thickness <7 mm or with abnormal ultrasonic image), serum P >1.5 ng/mL on the trigger day, and abandonment of fresh ET of the patients. All of the remaining patients had undergone fresh embryo transfer with one or two day 3 cleavage embryos with the highest morphological grade. The remaining embryos were frozen or cultured to the blastocyst stage to be frozen based on the choice of patients. After oocyte retrieval, vaginal progesterone gel (90 mg) (Crinone, Merck, Germany) was given daily, accompanied with dydrogesterone (30 mg/day) (Abbott, The Netherlands) orally from the ET day until the 12th gestational week as luteal phase support. Serum hCG was measured 12 days after ET, and hCG positivity was considered when hCG >5 IU/mL. Clinical pregnancy was defined as the identification of a gestational sac with an embryo showing cardiac activity. Early miscarriage was defined as the loss of pregnancy before the 12th gestational week. Live birth was defined as the delivery of a live fetus at ≥28 weeks of gestation.





Outcomes

The primary outcome was LBR per fresh ET cycle. The secondary outcomes were the rates of MII, 2PN, cleavage embryo, high-quality cleavage embryo, blastocyst, high-quality blastocyst, implantation, clinical pregnancy, early miscarriage, and canceled oocyte retrieval cycle. MII rate was calculated as the number of MII oocytes divided by the number of oocytes retrieved, whereas 2PN rate was calculated as the number of 2PN divided by the number of MII oocytes. The rates of cleavage embryo and high-quality cleavage embryo were calculated as the number of day 3 cleavage embryos or high-quality cleavage embryos divided by the number of cleaved embryos on day 2, respectively. The rates of blastocyst and high-quality blastocyst were calculated as the numbers of usable blastocysts or high-quality blastocysts divided by the number of day 3 cleavage embryos for blastocyst culture, respectively. Implantation rate (IR) was calculated as the number of gestational sacs divided by the number of transferred embryos. CPR and LBR were calculated as the numbers of clinical pregnancy cycles or live birth divided by the number of embryo transfer cycles. Multiple pregnancy rate was calculated as the number of multiple pregnancy cycles divided by the clinical pregnancy cycles.





Statistical analysis

Statistical analysis was performed by using SPSS version 26.0 software (IBM, Armonk, NY, USA). Continuous variables were expressed as means with standard error and compared by using Student’s t-test or Mann–Whitney’s U-test for normal distribution or abnormal distribution data, respectively. Categorical variables were presented as numbers with percentages and compared by using chi-square or Fisher’s exact tests. A two-tailed P <0.05 was regarded as statistically significant. No a priori sample size calculation was performed because we decided to include all cases that had met the inclusion criteria in the specified time period.






Results




Basal characteristics of the study population

A total of 846 patients were enrolled and divided into group A (GH part, n = 199; control part, n = 200), group B (GH part, n = 134; control part, n = 152), and group C (GH part, n = 79; control part, n = 82), while 89 patients were excluded. A flowchart of the recruitment process is shown in Figure 1. For each group, the age, duration and type of infertility, BMI, AFC, AMH, and serum level of basal sex hormone were not significantly different between the GH and control parts (P > 0.05) (Table 1).

[image: Flow chart showing patient assignment and outcomes. Initially, 935 patients were considered, with 89 excluded. 846 patients with DOR were divided into Group A (399), Group B (286), and Group C (161). Each group was split into GH and control parts. Numbers for oocyte retrieval, fresh embryo transfer, and live birth are shown for each subgroup.]
Figure 1 | Flowchart of the recruitment process.

Table 1 | Basal characteristics of the study populations.


[image: A comparative table shows clinical and demographic data for three groups: A, B, and C, each divided into GH and Control subgroups. Rows include metrics like age, duration of infertility, type of infertility, BMI, AFC, AMH, and hormone levels (FSH, LH, E2, P, TT, PRL). Statistical values for T/χ² and P are provided for each parameter. The table indicates that continuous variables are presented as mean and standard error.]




Ovarian stimulation

For group B, the oocyte retrieval canceled rate was significantly lower for the GH part compared with the control part (P < 0.05), whereas the proportion of OS protocol, dose and duration of rFSH, serum levels of E2, LH, and P on the trigger day, type of trigger, and fertilization were not significantly different (P > 0.05). For groups A and C, the above mentioned characteristics were not significantly different between the GH and the control parts (P > 0.05) (Table 2). No moderate or severe OHSS was noted in all patients.

Table 2 | Outcome of ovarian stimulation.


[image: A table compares data across three groups (A, B, C) in terms of COH protocol, GnRH antagonist, and agonist percentages, rFSH dose, rFSH duration, serum E2, LH, and P levels, type of trigger, fertilization protocol, and oocyte retrieval cancellation rate. It displays means with standard errors, T/χ² values, and p-values for each category. Group A has GH and Control subgroups; similarly for Groups B and C. The continuous variables are described using mean and standard error of mean.]
For group A, nine patients from the GH part had canceled oocyte retrieval (4 for follicular growth failure and 5 for premature ovulation), compared with 8 from the Control part (4 for follicular growth failure and 4 for premature ovulation). For group B, 2 patients from the GH part had canceled oocyte retrieval (1 for follicular growth failure and 1 for premature ovulation), compared with 10 from the Control part (5 for follicular growth failure and 5 for premature ovulation). For group C, 5 patients from the GH part had canceled oocyte retrieval (2 for follicular growth failure and 3 for premature ovulation), compared with 7 from the Control part (5 for follicular growth failure and 2 for premature ovulation).





Outcomes of oocytes and embryos

A total of 805 patients had undergone oocyte retrieval. For group B, the number and rate of high-quality cleavage embryo was significantly greater in the GH part compared with the Control part (P < 0.05), whereas the number of oocytes retrieved, numbers and rates of MII, 2PN, cleavage embryos, blastocysts and high-quality blastocysts were not significantly different (P > 0.05). For groups A and C, above characteristics were not significantly different between the GH and the Control parts (P > 0.05) (Table 3).

Table 3 | Outcomes of oocytes and embryos.


[image: A table comparing in vitro fertilization outcomes across three groups (A, B, and C) with subgroups GH and Control. It includes metrics such as oocytes retrieved, MII oocytes, 2PN, cleavage embryos, and blastocyst rates. Each value is presented as a mean with standard error. Statistical significance is shown by T/χ² and P values in each subgroup comparison.]




Outcomes of fresh embryo transfer

For group A, 53 patients had canceled fresh embryo transfer (ET) in the GH part (27 for without transplantable embryo, 13 for abnormal endometrium, four for elevated P level, and nine for patient’s abandonment) and 57 patients in the control part (27 for without transplantable embryo, 22 for abnormal endometrium, three for elevated P level, and 5 for patient’s abandonment). For group B, 34 patients had canceled fresh ET in the GH part (15 for without transplantable embryo, 15 for abnormal endometrium, two for elevated P level, and two for patient’s abandonment) and 44 patients in the control part (19 for without transplantable embryo, 15 for abnormal endometrium, one for elevated P level, and nine for patient’s abandonment). For group C, 20 patients had canceled fresh ET in the GH part (14 for without transplantable embryo and six for abnormal endometrium), along with 20 patients in the control part (14 for without transplantable embryo, four for abnormal endometrium, and two for patient’s abandonment).

A total of 554 patients had undergone fresh ET. In group B, the rates of implantation, clinical pregnancy, and live birth were significantly higher in the GH part than the control part (P < 0.05), whereas the endometrial thickness, number of embryos transferred, proportion of at least one high-quality embryo transfer cycle, multiple pregnancy and early miscarriage, gestational age at delivery, and birth weight and height of the infants were not significantly different (P > 0.05). For groups A and C, the abovementioned characteristics were not significantly different between the GH and the control parts (P > 0.05) (Table 4).

Table 4 | Outcomes of fresh embryo transfer.


[image: A table comparing variables in Groups A, B, and C for growth hormone (GH) and control groups. It includes metrics like endometrial thickness, number of embryos transferred, embryo quality, implantation rate, clinical pregnancy rate, multiple pregnancy rate, early miscarriage rate, live birth rate, gestational age, birth weight, and birth height. Statistical values T/χ² and P are also listed for each variable, with continuous variables shown as mean (standard error or mean).]
For group A GH part, two had ectopic pregnancies, one and two pairs of twins had undergone early and late miscarriage, respectively. In the group A control part, one pair of twins had undergone early miscarriage, one pair of twins and one single pregnancy had undergone late miscarriage, and three pairs of twins had undergone single fetal demise. For group B GH part, one pair of twins had undergone early miscarriage. For the GH B control part, one had undergone ectopic pregnancy, one pair of twins had undergone late miscarriage, and two pairs of twins had undergone single fetal demise. The mean gestational age at delivery was 38 weeks (28–42 weeks). The mean birth weight was 2,898 g (1,300–4,300 g), and the birth height was 48 cm (27–59 cm). None of the 255 live births (131 boys and 124 girls) was found with a birth defect.






Discussion

In this study, we have found that the number and rate of high-quality cleavage embryo, IR, CPR, and LBR were increased, while the proportion of oocyte retrieval canceled cycle was decreased by GH among patients with DOR aged 35–40 years, whereas there was no significant difference in those under 35 or over 40.

GH plays a vital role in follicle development, including steroidogenesis, oocyte maturation, ovulation, and fertilization (16). The secretion of GH and expression of FSH and LH receptors in granulosa cells (GCs) will decrease along with age (30). Exogenous GH could enhance the responsiveness and sensitivity of GCs to Gn by upregulating the expression of FSH and LH receptors in older women with DOR (31). This may explain why the cycle cancellation rate was decreased by GH in patients with DOR aged 35–40, while no difference was found among those aged <35 years old, which is in keeping with reports by others (25, 30). For patients with DOR aged >40 years old, the cycle cancellation rate was not decreased by GH. This may be attributed to the change of GH receptors (GHR) along with aging. Regan et al. (32) have reported an increased expression of GHR along with aging in patients with normal ovarian reserve, while it was decreased in patients with DOR aged 39–45. Therefore, for patients with DOR aged >40 years, after the GHR was occupied by endogenous GH, the excessive exogenous GH could hardly produce an effect. Nevertheless, Lan et al. (33) have found that the cycle cancellation rate could be decreased by GH in patients with DOR >40 years old. The inconsistency may be attributed to their younger age (41 years old vs. 42 years old), higher dose of GH (8 IU/day vs. 4 IU/day), and larger sample size (432 patients vs. 161 patients) of their patients compared with ours.

The quality of oocytes was decreased with aging, manifested as abnormality of morphology, chromosome and meiosis, decreased function of mitochondrial, failure of fertilization, cleavage, and embryo implantation, and increased aneuploid embryos (34). Studies have reported that GH could improve the quality of GCs and oocytes in older patients via GHR and insulin-like growth factor-I (IGF-I) and improve the steroidogenesis of GCs, mitochondrial function of GCs and oocytes, and development potential of oocytes (35–37). Therefore, we have found that the number and rate of high-quality cleavage embryo were increased by GH in patients with DOR aged 35–40 years old, but not in those <35 years old, which is in keeping with reports by others (25, 38). We have also found that the rates of high-quality cleavage embryo, blastocyst, and high-quality blastocyst were increased by GH, but without significant difference in those with DOR >40 years old, which is consistent with those reported by Guo et al. (39). The lack of benefit of GH for patients >40 years old may be attributed to the fact that, for patients >40 years, the quality of oocytes and embryos may decrease sharply (34) and could not be significantly recovered by GH alone. Moreover, the effect of GH was weak due to the decreased expression of GHR in patients aged 39–45 years old (33). Furthermore, the lack of significance may also be attributed, in part, to the small sample size of such patients in our study. It is worth noting that Kevin et al. (23) have reported that patients >40 years old had benefited from GH. The inconsistency may be attributed to the younger age of the patients in their study (39 years old vs. 42 years old).

In keeping with the improved quality of embryos, we found that the IR, CPR, and LBR were increased by GH in patients with DOR aged 35–40 years old, but not in those aged <35 years old. Dogan et al. (40) also noted that GH may increase the LBR in patients with DOR aged 34–39 years. Norman et al. (41) have conducted a randomized clinical trial on poor ovarian responders aged 35–40 years old and found that LBR was not improved by GH. Liu et al. (42) reported that GH could improve LBR among poor responders both <35 and ≥35 years old. The effect of GH on LBR was also controversial in patients >40 years old. Kevin et al. (23) have reported that GH increased LBR (12.5% vs. 2.4%) for poor ovarian responders >40 years old. Feng et al. (43) have reported that GH was an independent factor of LBR in women aged 35–43 years old. Meanwhile, we found that LBR was increased by GH in patients with DOR >40 years old, but without significance in this study. The controversy may be attributed to the small sample size in our study, particularly for patients >40 years old. The effect on outcomes of IVF-ET was associated with the dose and duration of GH (44), while the dose (1–12 IU/day) and duration (10 days–6 weeks) of GH were different in these studies. The patients were different in these reports (DOR, POR diagnosed with Bologna criteria, or poor prognosis according to the POSEIDON criteria). Despite the controversy, the patients with DOR aged 35–40 years old have been the biggest beneficiary of GH. Keane et al. (23) also reported that LBR was increased by 3.81, 14.68, and 5.79 times in poor ovarian responders aged <35, 35–39, and 40–44 years old.

In summary, we have found that GH was beneficial for patients with DOR older than 35 years, especially those 35–40 years old, though this result should be interpreted with caution considering the small sample size (especially for those >40 years), this being a single-centered study, and the inherent limitation of the observational study.
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Objective

To investigate the relationship between Non-High-Density Lipoprotein Cholesterol to High-Density Lipoprotein Cholesterol Ratio (NHHR) and infertility in US female adults aged 20 to 45.





Methods

Our research team utilized data from the 2013–2018 National Health and Nutrition Examination Survey (NHANES) to conduct a cross-sectional study. Multivariable logistic regression was conducted to examine the association between NHHR and infertility, with trend tests providing additional insight into this relationship. Further, smoothed curve fitting was applied for a more detailed exploration. To ensure the robustness of our results, we conducted subgroup and sensitivity analyses.





Results

Between 2013 and 2018, our study included 2,947 participants, with 342(11.6%) self-reported infertility. A positive association was found between NHHR and infertility (OR=1.17,95%CI:1.07-1.27). Compared with the first trimester, the third trimester of NHHR was associated with an OR of 1.79(95% CI: 1.31–2.44) in model 3. The results of subgroup analyses revealed that the association between NHHR and infertility was nearly consistent.





Conclusion

NHHR demonstrated a positive correlation with infertility among U.S. female adults. Further investigation is needed to explore their association better and the underlying mechanisms.
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1 Introduction

Infertility affects thousands of women of reproductive age, with prevalence estimates ranging from 3% to 30% (1, 2). In the United States, the incidence of infertility among women of childbearing age is 15.5%, increasing annually by 0.37% (3). Data from a Chinese multicenter study indicates that approximately 24.58% of women experience infertility (4). Due to its significant impact on human development, the CDC has recommended prioritizing the diagnosis and treatment of infertility (5). Various factors are associated with infertility, including age, obesity, alcohol consumption, smoking, education level, and medical history (6–9). Emerging research indicates that abnormal lipid metabolism may adversely affect female reproductive function (10).

According to the two-cell dual gonadotropin theory (11), altered cholesterol levels can impact the onset and progression of female reproductive diseases by influencing sex hormone activity. Recent multivariate Mendelian randomization research has demonstrated a positive correlation between elevated LDL-C levels and an increased risk of infertility (12). Furthermore, a prospective cohort study indicated that serum lipid concentrations might be associated with reduced fertility and prolonged time to pregnancy in women (13). Another study reported an association between reduced fertility and abnormal lipid levels, including HDL-C, LDL-C, TC, and TG (14). In a nude mouse model of endometriosis, simvastatin, a commonly used lipid-lowering drug, was found to inhibit the proliferation of human endometrial stromal cells and decrease the number and size of endometrial implants, suggesting potential benefits for the treatment of infertility (15).

NHHR, a newly developed lipid profile, serves as an innovative indicator for assessing cardiovascular and cerebrovascular disease risk (16, 17). Recent studies have demonstrated a correlation between NHHR and various conditions such as metabolic syndrome, chronic kidney disease, periodontitis, depression, and suicidal ideation (18–22). However, the relationship between NHHR and female infertility has not been previously investigated. To address this gap, we analyzed data from NHANES 2013-2018 to explore the potential correlation between NHHR and infertility.




2 Materials and methods



2.1 Participants

For this cross-sectional analysis, data were obtained from the NHANES, which is conducted by the National Center for Health Statistics (NCHS) under the Centers for Disease Control and Prevention (CDC) to assess the nutritional and health status of individuals across the United States. The NHANES protocols received approval from the NCHS Institutional Review Board, ensuring ethical compliance, and informed consent was obtained in writing from all participants. The dataset utilized in this study is publicly accessible on the NHANES website (https://www.cdc.gov/nchs/nhanes/index.html).

In this study, the cohort was drawn from individuals participating in the NHANES from 2013 to 2018 who had complete records for both the NHHR and Reproductive data. The initial sample consisted of 29,401 subjects. Exclusions were made for male participants(n=14,452), age<20 years and age >45 years participants (n = 5,196), pregnant(n=190), and those lacking data on reproductive (n = 4,486) and NHHR (n=2130), resulting in a final sample of 2,947 participants eligible for analysis (Figure 1).

[image: Flowchart of NHANES 2013-2018 participants selection. Initial sample: 29,401. Exclusions: 14,452 males, 5,196 under 20 and over 45, 190 pregnant. Further exclusions: 4,486 missing infertility data, 2,130 missing NHHR data. Final analysis sample: 2,947.]
Figure 1 | Flowchart of sample selection from the NHANES 2013-2018.




2.2 Exposure definitions

NHHR was calculated following the methodologies outlined in previous studies (17). Specifically, NHHR is determined by the ratio of nocturnal heart rate variability to HDL-C, which involves subtracting HDL-C from total cholesterol levels. The concentrations of TC and HDL-C were quantified enzymatically using an automated biochemical analyzer to ensure the accuracy of the measurements.




2.3 Outcomes definitions

Infertility is evaluated based on questions from the Reproductive Health Questionnaire (RHQ074): “Have you attempted to become pregnant for at least one year without success?” and “Have you been unable to conceive for at least one year?”




2.4 Covariates

In the analysis of NHHR utilization and infertility data, adjustments were made for covariates identified in previous research as influential factors. The demographic characteristics included age and race, with race categorized as Hispanic American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, and Other. Socioeconomic factors considered were marital status (partnered or single), educational attainment (high school graduate or lower versus college graduate or higher), and the poverty-to-income ratio (PIR). Health-related behaviors were also considered, specifically body mass index (BMI), stratified into <25, 25-30, and ≧30 kg/m², smoking status (determined by an affirmative response to having smoked at least 100 cigarettes in a lifetime on questionnaire SMQ020), and alcohol consumption (identified by consuming at least 12 alcoholic drinks per year on questionnaire ALQ101). Medical conditions such as diabetes and hypertension were adjusted for based on prior diagnosis by a healthcare professional. And covariates related to reproductive health such as age at menarche (determination of age at menarche by responses to the questionnaire RHQ010) and regularity of menstruation (identified by an affirmative response to had regular periods in the past 12 months in RHQ031 questionnaire).




2.5 Statistical analysis

Participants were divided into two groups according to their infertility history. Categorical variables were expressed as frequencies (n) and percentages (%), while continuous variables were summarized as means and standard deviations (SD). Differences between the groups were examined using independent samples t-tests for continuous variables and chi-square tests for categorical variables. The study investigated the correlation between NHHR and infertility by stratifying NHHR into three equal tertiles: T1 (0.40-1.79), T2 (1.79-2.70), and T3 (2.70-13.93), with T1 serving as the reference group. We constructed three multivariable logistic regression models to evaluate the specified relationship. Model 1 was unadjusted and served as a baseline. Model 2 incorporated adjustments for age, ethnicity, and educational attainment. Subsequently, Model 3 expanded the covariate set to include the poverty income ratio (PIR), BMI, marital status, alcohol consumption, smoking habits, regularity of menstrual cycles, and the age at menarche. The median values of NHHR for each category were treated as continuous predictors to test for linear trends. The strength of associations was expressed as odds ratios (ORs) with 95% confidence intervals (CIs). Additionally, smoothed curve fitting was employed to explore potential nonlinear relationships between NHHR and infertility. Subgroup analyses were subsequently conducted to assess the consistency of the NHHR-infertility association across different demographic groups.

All analyses were performed with R (version 4.2, http://www.r-project.org) or Empowerstats (version 4.2, www.empowerstats.com, X&Y Solutions Inc., Boston, MA, USA). Statistical significance is defined as two-sided p < 0.05.





3 Results



3.1 Baseline characteristic

This study included 2,947 participants aged 20 to 45 years, of whom 11.6% (342/2947) were diagnosed with infertility. Table 1 presents the demographic and clinical characteristics of the cohort. The mean age of infertile women was 35.39 years, compared to 32.76 years for noninfertile women, while the mean BMI was 32.0 kg/m² and 29.42 kg/m², respectively. Infertile women were significantly older and exhibited higher obesity rates compared to their noninfertile counterparts (p<0.001). Furthermore, a higher proportion of infertile women were cohabiting with a partner (72.51% vs. 55.70%, p<0.001). Additionally, noninfertile participants demonstrated lower smoking rates (p<0.05) and had reduced TC and NHHR levels (p<0.001).

Table 1 | Basic characteristics of participants by infertility among U.S. adults.


[image: Table comparing characteristics between total individuals and those with and without infertility. It includes data on age, race, marital status, education, BMI, PIR, smoking, alcohol use, menstrual cycle regularity, and age of menarche. Significant differences observed in age, BMI, smoking status, HDL-C, TC, and NHH ratio with associated p-values.]



3.2 The relationship between NHHR and infertility

Table 2 displays the association between NHHR and infertility. In the unadjusted model, the OR of NHHR for infertility was 1.19 (95% CI: 1.10–1.29). The findings remained consistent in both the minimally adjusted model (accounting for age, race, and educational level) and the fully adjusted model (considering age, race, education, marital status, PIR, BMI, smoking, alcohol use, regular menstrual cycle, and age of menarche), with ORs of 1.16 (95% CI: 1.07–1.26) and 1.17 (95% CI: 1.07–1.27), respectively. To examine potential nonlinearities, NHHR was converted into a categorical variable by trimester. Following full adjustment, the third trimester of NHHR showed an OR of 1.79 (95% CI: 1.31–2.44) compared to the first trimester (reference). Trend tests indicated statistically significant differences (p for trend <0.001). A smoothed curve fitting was applied to validate the nonlinear relationship further, revealing a positive correlation between NHHR and infertility (Figure 2).

Table 2 | Association between NHHR and infertility.


[image: Table comparing three models of odds ratios (OR) with 95% confidence intervals and p-values for NHHR and tertiles T1, T2, T3. Model 1 shows ORs for NHHR and T3 as 1.19 and 1.95 respectively, with significant p-values. Model 2 adjusts for demographic factors, showing similar trends with T3 OR as 1.80. Model 3 further adjusts for lifestyle factors, with T3 OR at 1.79. All p-values indicate significance, denoted as P<0.01 or P<0.001.]
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Figure 2 | Association between NHHR and infertility. Age, race, education level, PIR, BMI, marital status, alcohol status, smoking status, regular menstrual cycle and age of menarche were adjusted. NHHR, non-High-Density to High-Density Lipoprotein Cholesterol ratio.




3.3 Subgroup and interactive analysis of NHHR with infertility

We performed the subgroup analysis and interaction tests to ensure the robustness of the relationship between NHHR and infertility among different subgroups. As shown in Figure 3, the relationship between NHHR and infertility was nearly consistent among different subgroups of age, BMI, race, marital status, educational level, PIR, smoking status, alcohol status, regular menstrual cycle, and age of menarche. Furthermore, the interaction among different subgroups did not affect the relationship between NHHR and infertility (p for interaction>0.05).

[image: Forest plot showing odds ratios (OR) with 95% confidence intervals for infertility, considering factors such as age, BMI, race, marital status, education level, PIR, regular menstrual cycle, age of menarche, smoking status, and alcohol consumption. Each factor is listed with its corresponding OR values and confidence intervals, with red dots indicating the OR and blue lines indicating the confidence intervals. The plot includes p-values for interaction to the right.]
Figure 3 | Subgroup analysis of risk factors for the association between NHHR and Infertility. In the subgroup analysis, stratified by age, race, education level, PIR, BMI, marital status, alcohol status, smoking status, regular menstrual cycle, and age of menarche were adjusted, respectively.





4 Discussion

In this study, we stratified participants by age, race, education level, marital status, BMI, PIR, smoking status, alcohol status, regular menstrual cycle, and age of menarche to assess the relationship between NHHR and infertility across varied demographic groups. We found a positive correlation between NHHR and the likelihood of infertility (OR=1.79,95%CI: 1.31-2.44) and this correlation was stable across different subgroups.

NHHR is a novel lipid ratio evaluating atherogenic lipids. Although its role in infertility is unexplored, studies on lipids and female fecundity show mixed results. One trial found that low lipid levels before pregnancy reduced fertility in women with miscarriage history, with higher TG, TC, and LDL-C, and lower HDL-C, increasing infertility risk and prolonging time-to-pregnancy (23). Another trial in PCOS women found increased serum lipids negatively affected reproductive outcomes, with higher LDL-C lowering odds of ovulation, clinical pregnancy, and live births (24). However, Zhu and colleagues identified a significant association between LDL-C and female infertility using both univariate and multivariable two-sample Mendelian randomization (MR) analyses, while HDL-C was found to be irrelevant (12). Similarly, Xu et al. conducted an MR analysis utilizing genetic association data from large GWAS and reported no significant associations between HDL-C, LDL-C, and female infertility (25).

Few studies have explored the underlying mechanisms connecting lipid profiles with infertility. Circulating lipid levels present a double-edged sword: elevated lipid levels can promote oocyte maturation and improve oocyte quality (26). Conversely, long-term exposure to high-fat environments and increased lipid levels in oocytes may induce oocyte toxicity, severely interfering with the meiotic process and ultimately affecting pregnancy outcomes (27). Cholesterol serves as a substrate for ovarian steroidogenesis, playing a crucial role in mammalian hormone levels and the maintenance of pregnancy (28). However, abnormal cholesterol metabolism has been shown to reduce female fertility (29). Arias et al. found that the accumulation of cholesterol and dysfunctional HDL-C in mouse oocytes negatively affects the viability and developmental potential of eggs, leading to reproductive disorders (30). In conclusion, lipids appear to play a significant role in reproductive function. However, the exact mechanisms warrant further investigation.

The principal strength of our research lies in the use of a large, nationally representative sample of adult females in the United States. We conducted comprehensive analyses across various types of variables and incorporated adjustments for covariates to ensure the reliability of our findings. Nonetheless, there are several limitations to consider. First, the cross-sectional study design precludes the establishment of causality between NHHR and infertility, allowing for the possibility of reverse causality due to the bidirectional nature of their relationship. Second, lipid profiles were assessed only once during the study, which may be subject to variations caused by acute stress and random factors. Third, although adjustments were made for numerous confounders, the influence of unmeasured or unknown confounders on the study results cannot be entirely excluded. Ultimately, the ascertainment of infertility within this investigation was predicated on participant-reported data, which is inherently contingent upon the accuracy of individual recall and self-assessment. This approach could potentially engender discrepancies in the documentation of infertility diagnosis and its chronicity, thereby posing a risk of introducing bias into the study outcomes.




5 Conclusion

In conclusion, our results indicate a positive association between NHHR and infertility in US female adults. Future research should include prospective and randomized controlled studies to validate these findings. Additionally, further exploration of the pathophysiological mechanisms underlying these associations is essential.
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Objective

We investigated whether the addition of a luteal phase support drug benefits pregnancy and perinatal outcomes in modified natural-cycle frozen-thawed embryo transfer (mNC-FET) for women up to the age of 35 years.





Methods

We analyzed the clinical data of 3658 mNC-FET cycles of women up to the age of 35 years from the Reproductive Center of the Third Affiliated Hospital of Zhengzhou University from January 2018 to December 2020 in a retrospective cohort study. The cycles were divided into three groups based on the luteal phase support protocol used. The patients in group A received a combination of progesterone soft capsules and dydrogesterone (882 cycles), those in group B received dydrogesterone only (627 cycles), and those in group C received a combination of progesterone vaginal sustained-release gel and dydrogesterone (2149 cycles). Pregnancy and perinatal outcomes were compared among the three groups.





Results

Logistic regression analysis indicated that the three luteal phase support regimens were not associated with the live birth rate [OR(95% CI)B vs A=1.080, p=0.960; OR(95% CI)B vs C=0.252, p=0.291]. There were no significant differences in the newborn weight, premature delivery rate, pregnancy complications rate, and incidence of birth defects among the three groups.





Conclusions

In the mNC-FET cycle, patients under the age of 35 who chose dydrogesterone alone as a luteal phase support drug exhibited no difference in the live birth rate and perinatal outcome from patients who combined dydrogesterone with progesterone soft capsules or with progesterone vaginal sustained-release gel. However, the outcome still requires confirmation by large-sample prospective studies.





Keywords: modified natural-cycle frozen-thawed embryo transfer, pregnancy outcome, luteal phase support, perinatal outcome, IVF/ICSI





Introduction

Frozen-thawed embryo transfer (FET) cycles are widely used in the clinical setting. FET can reduce the number of ovulation-stimulating cycles in infertile patients and increase the cumulative pregnancy rate per ovulation-stimulating cycle, benefiting such patients (1). In FET, the preparation of the endometrium is critical for the success of embryo transfer. Studies have revealed that natural-cycle FET (NC-FET) and modified natural-cycle FET (mNC-FET) improve the perinatal outcome compared with the hormone replacement cycle (2); thus, NC-FET and mNC-FET, in which the timing of ovulation is triggered by human chorionic gonadotropin (hCG) (3), are more suitable for women with regular ovulation.

In assisted reproductive technology, luteal phase support is essential for the maintenance of pregnancy, and a previous Randomized controlled trial (4) revealed a significantly higher rate of live birth after administration of luteal phase support compared with non-administration in NC-FET. A single drug or a combination of drugs is commonly used as luteal phase support for the mNC-FET cycle in our center. The combined-drug protocol consists of progesterone soft capsules or progesterone vaginal sustained-release gel with dydrogesterone, and the single-drug protocol consists of dydrogesterone alone. However, it is necessary to establish whether the single drug and a combination of drugs, in addition to different routes of administration and medication frequencies, result in different pregnancy and perinatal outcomes.

Therefore, in this study we investigated differences in pregnancy and perinatal outcomes among the three luteal phase support schemes in the mNC-FET cycle to determine the most suitable protocol.





Materials and methods




Study design and participants

In this retrospective cohort study, we examined the clinical data of 3658 mNC-FET cycles from the Reproductive Center of the Third Affiliated Hospital of Zhengzhou University from January 2018 to December 2020. The inclusion criteria of the women were as follows: 1) age ≤35 years with a regular menstrual cycle, 2) body mass index (BMI) <28 kg/m2, 3) endometrial thickness ≥7 m on the hCG injection day, 4) transfer of one or two cleavage embryos or blastocysts, 5) no more than two cycles of transfer failure. The exclusion criteria of the women were as follows: 1) previously undergone preimplantation genetic testing (PGT), 2) previously accepted oocyte donation, 3) abnormal uterine environment such as intrauterine adhesions, submucosal fibroids, adenomyosis, or uterine malformations, 4) repeated implantation failure, 5) recurrent spontaneous abortion, 6) hydrops tubae profluens, 7) chromosome abnormalities. The study was approved by the ethics committee of the Third Affiliated Hospital of Zhengzhou University (2022-221-01).





Endometrial preparation protocol

On days 10 to 12 of the menstrual cycle, follicle size and endometrial thickness were assessed using vaginal ultrasonography until the superior follicle diameter exceeded 15 mm. This measurement, combined with urinary luteinizing hormone (LH), serum LH, estradiol (E2), and progesterone (P) levels, was used to determine whether the follicles met the maturation criteria. When the urinary LH was positive or the serum LH level exceeded 20 IU/L, and the serum P level less than 1.5 ng/ml, a subcutaneous injection of 10,000 IU hCG (hCG, 5000 IU; Lizhu Pharmaceutical Trading Co., Ltd., Zhuhai, Guangdong, China) was administered to induce ovulation, and luteal phase support was given the following day as the intimal transformation day.





Luteal phase support protocol

Patients in group A received progesterone soft capsules (Utrogestan; Besins Healthcare, Brussels, Belgium) at 600 mg/day and oral dydrogesterone (Abbott Biologicals, Olst, The Netherlands) at 30 mg/day, those in group B received oral dydrogesterone (Abbott Biologicals) at 30 mg/day, and those in group C received progesterone vaginal sustained-release gel (Central Pharma Ltd., Bedford, UK) at 90 mg/day and oral dydrogesterone (Abbott Biologicals) at 30 mg/day. Pregnancy was confirmed by serum hCG level on 14 days after embryo transfer, and post-pregnancy luteal phase support was continued until 30 days post-transfer. Intrauterine pregnancy was determined on 30 days after embryo transfer, the vaginal luteal support drugs was stopped on 45 days after embryo transfer, and the oral luteal phase support drug was stopped on 65 days after embryo transfer.





Embryo transfer protocol

Cleavage-stage embryos were thawed on day4 after HCG injection, and blastocyst embryos were thawed on day6 after HCG injection. Up to two embryos were transferred. Cleavage-stage embryo scoring criteria were those of the Bourn Hall Clinic scoring system (5), with grades I–III classified as portable embryos and grades I and II classified as high-quality embryos. Blastocyst scoring criteria were those of the Gardner scoring system (5), with 4BC and above classified as portable blastocysts and 4AA, 4AB, 4BA, and 4BB classified as high-quality blastocysts.





Data collection and outcome definition

The patient characteristics of age, duration of infertility, BMI, anti-Müllerian hormone (AMH) level, basal serum follicle stimulating hormone (FSH) level, infertility factor, endometrial thickness, number of IVF/ICSI attempts, number of previous ET cycles, number of transferred embryos, developmental stage of embryo, number of high-quality transferred embryos, pregnancy or live birth, and singletons or twins were collected from the electronic case system of our center. For patients with a gestational sac echo and singleton live birth after embryo transfer, information on pregnancy complications was retrieved during a telephone follow-up and recorded by a designated nurse at our center. Maternal and neonatal outcomes were recorded and classified according to the information provided by the patients.

The clinical outcome indicators of the three groups were observed, including hCG positive rate, clinical pregnancy rate, 12-week pregnancy rate, live birth rate, premature delivery rate, pregnancy complications rate, neonatal birth weight, and neonatal birth defects, among which the live birth rate per embryo transfer cycle was the primary outcome.

Serum hCG of 50 IU/L on 14 days after embryo transfer was defined as hCG positive. Vaginal ultrasonography on 30 days after embryo transfer was performed to confirm a clinical pregnancy (an ectopic pregnancy was also considered a clinical pregnancy), and 12-week pregnancy was defined as a clinical pregnancy that reached the 12th gestational week. Live birth was defined as the birth of a live child after 28 weeks of gestation per embryo transfer cycle. Premature delivery (PTD) was considered as a baby born before 37 weeks of gestation. For the neonatal birth weight, birth weight<2500 g was classified as low birth rate (LBW) and birth weight≥4000 g was classified as macrosomia.





Statistical analysis

All statistical analyses were performed using SPSS version 24.0 software. Measurement data were represented using mean ± standard deviation (X ± S), and count data were represented using the rate (%).

Measurement data (age, duration of infertility, BMI, basal FSH, endometrial thickness, and number of quality embryos) were analyzed using one-way analysis of variance (ANOVA) or the Kruskal–Wallis H test according to the homogeneity of variance, and pairwise comparisons using the Bonferroni method were used. Stage of embryo at transfer, number of embryos transferred, and clinical outcomes were analyzed using the chi-square test (χ2). The effect of the different luteal support protocols on the live birth rate was analyzed using univariate and multivariate logistic regression models, and the odds ratio (OR) and 95% confidence interval (95% CI) were calculated. A P-value of <0.05 was considered a statistically significant difference.






Results

A total of 3658 cycles were included in the analyses. The patients in group A (882 cycles) received a combination of progesterone soft capsules and dydrogesterone, those in group B (627 cycles) received dydrogesterone only, and those in group C (2149 cycles) received a combination of progesterone vaginal sustained-release gel and dydrogesterone.

No significant difference was found in the duration of infertility and AMH among the three groups (P>0.05). Significant differences in age, infertility factor, number of IVF/ICSI attempts, number of previous ET cycles, basal FSH, BMI, and endometrial thickness were observed (P<0.05; Table 1).

Table 1 | Comparison of basic parameters among the three groups (X ± s).


[image: Table comparing three groups (A, B, C) on multiple metrics such as number of cycles, age, infertility duration, BMI, basal FSH, AMH, and endometrial thickness. Statistical values and significance (P-value) are provided for each metric. Group specifications include various infertility factors and the number of IVF/ICSI attempts, with data expressed in percentages and totals. Significance indicators and differences from group B are noted.]
No significant difference was found in the ectopic pregnancy rate and the multifetal pregnancy rate among the three groups (P>0.05). The hCG positive rate, clinical pregnancy rate, and implantation rate in group B were all higher than those in groups A and C, with statistical significance (P<0.001). The 12-week pregnancy rate and live birth rate in group B were higher than those in group A (P<0.05; Table 2).

Table 2 | Comparison of pregnancy outcomes among the three groups.


[image: Statistical table comparing Groups A, B, and C for various metrics related to pregnancy outcomes. Metrics include implantation rate, hCG positive rate, clinical pregnancy rate, and live birth rate, among others. Group A has higher values in several outcomes compared to Groups B and C. Statistical significance is indicated by F and chi-squared values and p-values for different comparisons. Additional sections detail the number of embryos transferred and the stage of embryo at transfer. Notable distinctions between groups are marked with superscripts for statistical differences.]
For the perinatal outcomes of singleton and twin births, no significant differences in gestational hypertension, gestational diabetes mellitus, premature rupture of membranes, placental abruption, placenta previa, newborn weight, and premature delivery rate were found among the three groups (P>0.05; Tables 3, 4).

Table 3 | Comparison of perinatal and neonatal outcomes of singleton live births among the three groups (X ± s).


[image: A table compares Groups A, B, and C across various maternal and neonatal outcomes, including newborn weight, low birth weight, macrosomia, and pregnancy complications. Group A has 351 births, Group B has 307, and Group C has 926. Results show rates of conditions like gestational diabetes and hypertension. Statistical measurements include F/X² values and P-values, indicating results significance. Each group has distinct frequencies for birth defects. The table concludes with notes about group treatments involving progesterone and dydrogesterone.]
Table 4 | Comparison of perinatal and neonatal outcomes of twin live births among the three groups (X ± s).


[image: A table compares groups A, B, and C on various pregnancy-related outcomes. Categories include newborn weight, premature delivery rates, pregnancy complications, and birth defects with associated statistical values. Group A has 62 cycles, Group B 27, and Group C 131. Each group's data is expressed in means, percentages, and counts. P-values are provided to indicate statistical significance. Group A involves progesterone soft capsules with dydrogesterone, Group B uses dydrogesterone only, and Group C involves vaginal gel with dydrogesterone.]
Univariate and multivariate regression analyses using age, BMI, basal FSH, endometrial thickness, infertility factor, number of IVF/ICSI attempts, number of previous ET cycles, and the luteal phase support drug used in the three different luteal phase support protocols were not independent factors of the live birth rate during the transfer cycle (Table 5).

Table 5 | Logistic analysis of single and multiple factors influencing live birth rate.


[image: Table showing univariate and multivariate regression analysis for three groups. Group B serves as reference. Single factor data for Group A: β -0.254, Wald 5.867, OR 0.776, 95% CI 0.632-0.953, P-value 0.015. Group C: β -0.164, Wald 3.235, OR 0.849, 95% CI 0.711-1.015, P-value 0.072. Multiple factors for Group A: β 0.077, Wald 0.002, OR 1.08, 95% CI 0.052-22.245, P-value 0.96. Group C: β -1.379, Wald 1.115, OR 0.252, 95% CI 0.019-3.257, P-value 0.291.]




Discussion

Our study revealed that in the mNC-FET cycle, women of age ≤35 years who received dydrogesterone alone as the luteal support drug exhibited no difference in the live birth rate and perinatal outcome from those who received the progesterone soft capsules or progesterone vaginal sustained-release gel combined with dydrogesterone.

Luteal phase support drugs can be administered orally, by intramuscular injection, by vaginal medication, or subcutaneously, and the effect of luteal phase support has been reported to be similar across the different routes of administration (6–8). Intramuscular injection of progesterone requires daily injection, and the long-term use of injection can cause injection-site pain, hardening of the site, reduced drug absorption, and even the formation of a sterile abscess (7, 9). In contrast, vaginal medication, which avoids the disadvantages of intramuscular injection, has a uterine first-pass effect, where the local drug concentration is maintained (10) but an increase in vaginal secretions is stimulated, causing vulvar discomfort, increased risk of vaginal infection, and the possibility of sexual intercourse affecting drug absorption (11). Oral progesterone has low bioavailability (12) and may have adverse effects such as drowsiness. Dydrogesterone is a reverse-transcribed progesterone, is a more selective progesterone receptor agonist than progesterone, and has low affinity for androgens and glucocorticoid receptors (13), and its oral administration can avoid the inconvenience and side effects of vaginal medication or intramuscular injection (12, 14, 15).

The maintenance of pregnancy cannot be separated from normal luteal function. The role of luteal phase support in IVF fresh embryo transfer is widely recognized (7). FET in the hormone replacement cycle has itself does not induce luteal generation and is completely dependent on exogenous progesterone to maintain luteal function (16). It remains controversial whether luteal phase support is required for FET (4, 17–19). Previous studies suggested that the corpus luteum, produced by spontaneous ovulation, can maintain embryo implantation (20). Although luteal insufficiency may lead to implantation failure and abortion (21), a previous report revealed that the incidence of luteal insufficiency was 3.7–20% in infertile patients. Even in the normal ovulation of primary or secondary infertility, about 8.1% of patients exhibited luteal insufficiency (22), and progesterone regulated the immune mechanism to reduce the abortion rate (23). A systematic review and meta-analysis in 2021 of 15 studies involving 416 reports (24) suggested that luteal phase support using progesterone was significantly associated with a higher clinical pregnancy rate and live birth rate in NC-FET and mNC-FET. Furthermore, the LH level at the use of hCG to trigger, which may have affected endometrial events and the clinical pregnancy rate (25). In addition, luteal phase support may be able to correct synchrony at transfer. Therefore, we preferred to use progesterone for luteal phase support in mNC-FET.

There are no uniform criteria for luteal phase support in mNC-FET. Jin et al. used a combination of progesterone vaginal sustained-release gel and dydrogesterone as the luteal phase support in NC-FET (26), Shi et al. (27) and Hu et al. (28) used dydrogesterone alone as the luteal phase support in mNC-FET, and Peeraer et al. (29) used progesterone soft capsules in mNC-FET. Previous studies have indicated that dydrogesterone and vaginal drugs do not work well if used alone, and their combination should be used (30). If progesterone alone or vaginal luteal phase support alone has shown little effectiveness, their combined use may be not avoided (31), and the combination of vaginal medication and intramuscular administration exhibited a better clinical outcome than the use of each approach alone (32). However, studies were performed on FET in the hormone replacement cycle, and studies may have been related to the absence of auto-luteal formation of HRT-FET. Such absence increases the need for greater luteal phase support compared with the case of mNC-FET. Some investigators believed that the combination of luteal phase support drugs through the vagina and other routes is not supported by evidence, assuming that the clinician decided to combine different drugs the drug to exclude the possibility of unsatisfactory drug administration (8).

In our study, the luteal phase support in mNC-FET used dydrogesterone alone or in combination. Upon increasing luteal phase support drugs, the live birth rate did not improve, although it increased the cost and discomfort borne by the patient. A randomized, single-center, parallel controlled trial exhibited similar sustained pregnancy rates for mNC-FET with dydrogesterone and with vaginal sustained-release gel. In the same study, vaginal irritation, vaginal discharge, and interference of sexual intercourse with drug absorption were lower with oral medication than with vaginal medication (33). A systematic review and meta-analysis on luteal phase support protocol (34) explored fresh embryo transfer and frozen embryo transfer in mNC-FET, as well as the clinical outcome achieved using dydrogesterone, which was similar to that using progesterone soft capsules. These results were consistent with our study, in which satisfactory clinical outcomes were achieved with dydrogesterone alone.

The development of the placenta has a direct impact on perinatal outcomes (35) from the establishment of fetoplacental circulation at 3 weeks after fertilization until the complete formation of placental function at 12 weeks of pregnancy, during which progesterone improves the uterine environment and promotes the establishment of placental function (36). During normal placental development, estrogen and progesterone are critical, and altered sex steroid hormone levels may contribute to placenta-related complications (37–39). In early pregnancy, low progesterone levels may lead to placenta accreta (40), and high progesterone in early third trimester has been associated with the later development of pre-eclampsia (41). In our study, no difference was found in the premature delivery rate, newborn weight, gestational diabetes mellitus, gestational hypertension, premature rupture of membranes, placental abruption, placenta previa, and incidence of birth defects. The effect of a second luteal phase support drug on the perinatal outcome was not obvious in mNC-FET, but because the perinatal outcome is also influenced by many factors, such as both parental characteristics, ART treatment characteristics, after FET, maternal tubal factor, ovulatory dysfunction, and unexplained infertility (42, 43), so the impact of different luteal phase support protocols on the perinatal outcome requires further investigation.

This study had the following limitations. 1) The study was retrospective with some bias; therefore, additional prospective studies are required to validate our results. 2) Because maternal complications and offspring outcomes were obtained by telephone conversation and reported by patients, the data were incomplete. 3) Luteal phase support drugs were voluntarily selected by patients: most of the patients in the mNC-FET cycles did not choose to be treated with dydrogesterone alone, and the majority chose progesterone vaginal sustained-release gel and oral dydrogesterone, resulting in differences in basic indicators between the groups and in the sample size. Especially in the dydrogesterone group, high proportion of blastocyst transfer cycles, and a high proportion of high-quality embryos, these indicators will improve the pregnancy outcomes. Because of this, the live birth rate was studied as the dependent variable, and univariate and multivariate regression analyses using age, BMI, basal FSH, endometrial thickness, infertility factors, number of IVF/ICSI attempts, number of previous ET cycles, and luteal phase support drugs in different luteal phase support schemes did not independently influence the live birth rate.





Conclusion

Patients with age ≤ 35 years who chose dydrogesterone alone as the luteal phase support drug in mNC-FET cycles exhibited clinically effective and safe maternal and infant outcomes. However, this finding requires further confirmation by large-sample prospective studies.
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Patients with adenomyosis not only experience a decrease in quality of life as a result of dysmenorrhea and severe monthly flow but they are also rendered infertile. Pregnancy rates are still low among women with adenomyosis, even with assisted reproduction. According to the current study, endometrial receptivity is primarily responsible for the lower conception rate among patients with adenomyosis. Decidualization of endometrial stromal cells is the fundamental requirement for endometrial receptivity and the maintenance of a normal pregnancy, even though endometrial receptivity is made up of a variety of cells, including immune cells, endometrial epithelial cells, and endometrial stromal cells. Our overview reveals that endometriosis deficiencies are present in patients with adenomyosis. These flaws may be linked to aberrant pathways in endometrial stromal cells, such as PI3K/Akt, JAK2/STAT3, and hedgehog. Correcting the abnormal expression of molecules in endometrial stromal cells in the endometrium of patients with adenomyosis may become the focus of research to improve endometrial receptivity and increase the pregnancy rate.
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1 Introduction

Adenomyosis of the uterus is more common in women between the ages of 30 and 50 who are fertile. It is frequently accompanied by infertility, increased menstrual flow, more prolonged menstruation, and progressive dysmenorrhea. Patients may experience hemorrhagic shock in cases where the illness is more severe (1). Patients with Adenomyosis have long-term menstrual blood loss and dysmenorrhea symptoms, which impair their quality of life and harm their physical and emotional health. Statistics show that Adenomyosis can have a prevalence of up to 70% and an incidence of 7% to 23% (2). The incidence of Adenomyosis was found to be 20.0% in infertile patients under 40 years old and 29.7% in those over 40 years old in a cross-sectional study of infertile individuals evaluated by transvaginal 3D ultrasonography (3). Of the women who need assisted reproductive technologies, between 30% and 40% have adenomyosis (4). Adenomyosis also exhibits the phenomena of delayed diagnosis in its early stages. It has the traits of a chronic illness, meaning that not only will the symptoms worsen over time, but it will also be challenging to treat (5). Consequently, Adenomyosis seriously threatens national population security, public health, and social advancement.

Patients with adenomyosis are currently treated with both surgical and drug-conservative methods. However, people with adenomyosis who are infertile frequently require the assistance of assisted reproductive technology (6). Even though individuals with adenomyosis can donate eggs and acquire embryos for transfer, their low endometrial reactivity frequently results in a lower rate of embryo implantation and a higher risk of premature termination (7). Due to adenomyosis, some individuals may experience many obstetric difficulties, including preterm birth, even after a good pregnancy (8). The complicated process underlying the lower embryo implantation rate in adenomyosis patients is mainly associated with abnormal endometrial decidualization, structural and functional alterations in the endometrial-myometrial junction, and abnormal endometrial microenvironment (9). Normative embryo development and decidualization of the endometrium are the two most essential phases in the human reproductive process. Any issues with these processes could result in an abnormal pregnancy or perhaps the pregnancy failing outright (10). Consequently, to improve spontaneous conception and assisted reproductive treatment of adenomyosis-related infertility, it is critical to elucidate the mechanism of decreased endometrial receptivity induced by aberrant decidualization of endometrium in adenomyosis.




2 Related cells involved in the formation of endometrial receptivity

During the secretory phase, the endometrium can undergo many morphological and functional changes and receive and accept embryos. This process is known as endometrial receptivity. Usually occurring 7-10 days following ovulation, the window of implantation(WOI) is the best time for the endometrium to receive embryos during the secretory phase. Under the influence of hormones, the endometrial stromal cells, immune cells, and endometrial epithelial cells contribute to establishing receptivity.



2.1 Endometrial epithelial cells

The endometrial epithelial cells are the first stage of embryo implantation into the uterus. Endometrial epithelial cells may use tumor necrosis factor-alpha converting enzyme/A Disintegrin And Metalloprotease-like during the secretory phase of the endometrium to decrease the expression of mucin 1 (11). Mucin 1 can shield the endometrium from bacterial and protease damage. Moreover, it can stop cell adhesion factors from being exposed, which is counterproductive to cell interaction (12). Usually, mucin 1 is downregulated in the embryo implantation area, especially in the exocytosis structure of endometrial epithelial cells during the secretory phase, where there is almost no attachment of mucin 1 (13). At the same time, the adhesion factor L-selectin and its ligand are expressed on the surface of embryonic trophoblast cells and endometrial epithelial cells during the WOI, respectively (14). L-selectin is a component of the embryonic endometrial junction and could represent the initial stage of the mother-fetal junction (15). Furthermore, endometrial epithelial cells feature integrins on their surface that function as connectors with the extracellular matrix(ECM). When the endometrium is in the middle stage of secretion, integrin can form a composite structure of “integrin ECM integrin” or “ECM integrin” with the extracellular matrix, which helps with the connection between mother and fetus (16). During the WOI, endometrial epithelial cells proliferate slowly and depolarize under the action of progesterone, which also provides conditions for further embryo implantation into the uterus. Progesterone may inhibit endometrial epithelial cell proliferation by a mechanism that involves upregulating the expression of Kruppel-like factor 15 and Bone morphogenetic protein receptor type-1A (17, 18). The depolarization of endometrial epithelial cells is mainly manifested by a decrease in intercellular connections and a loosening of intercellular spaces. Endometrial epithelial cells’ depolarization is mainly determined by Homeobox protein MSX(Msx), which inhibits Protein Wnt-5a to reduce the expression of these cells’ E-cadherin/catenin complex (19). An essential element of the link between endometrial epithelial cells is the E-cadherin/catenin complex. Endometrial epithelial cells will continue to express E-cadherin as Msx expression declines, which is detrimental to embryo implantation (20).




2.2 Endometrial stromal cells

Effective decidualization of the endometrium indicates good responsiveness. While several types of cells are involved in decidualization, endometrial stromal cells are the predominant kind. Endometrial stromal cells migrate outward from the implantation site like endometrial epithelial cells, creating an embryonic penetration pathway (21). Endometrial stromal cells undergo a decidualization reaction after 5-6 days of fertilization. Endometrial stromal cells transform from spindle-shaped to circular, characterized by increased cell volume, cytoplasmic expansion, and accumulation of glycogen and lipid droplets (22). The dense outer layer of the decidua contains decidualized endometrial stromal cells that can secrete prolactin(PRL) and insulin-like growth factor binding protein 1(IGFBP-1), which can stimulate trophoblast cell infiltration and proliferation, control the survival of natural killer cells in the endometrium, and encourage angiogenesis (23). Of course, the invasion of embryos is not unlimited. Decidualized endometrial stromal cells also prevent trophoblasts from invading to regulate the extent of embryo implantation. To prevent extracellular trophoblast invasion, the stromal cells in the decidua’s dense layer create extracellular matrix proteins such as fibronectin, laminin, and heparin sulfate proteoglycans (24).

Progesterone and 3’,5’-Cyclic AMP(cAMP) at high levels are key beginning signals that mediate the decidual response (25), while Peptidyl-prolyl cis-trans isomerase FKBP4 and Steroid receptor coactivator 2 are crucial cofactors that initiate signal transduction (26, 27). Usually, cAMP is engaged in the process of stopping a cell’s reaction to long-lasting outside stimuli. To maintain a decidualized phenotype, human endometrial stromal cells require continuous stimulation of the cAMP pathway (28). CAMP activation requires progesterone to bind to progesterone receptors, which bind to downstream Protein kinase A(PKA) and activate and release catalytic subunits on PKA, which phosphorylate cyclic AMP-responsive element-binding protein(CREB) and cAMP response element modulator(CREM) (29). Activated CREB and CREM can recruit CREB-binding protein, which synergistically regulates the expression of progesterone receptors with Steroid receptor coactivator 1, thereby increasing the sensitivity of endometrial stromal cells to progesterone (30). CAMP/PKA regulates Pleiotrophin(PTN) expression, and PTN expression can encourage Prolactin family 8, subfamily a, member 2(PR18A2) and Prolactin family 3, subfamily c, member 1(PR13C1) expression. Endometrial stromal cells are regulated by PR18A2 and PR13C1, which are crucial for their proliferation. CAMP/PKA regulates PTN expression, and PTN expression can encourage PR18A2 and PR13C1 expression. Endometrial stromal cells are regulated by PR18A2 and PR13C1, which are crucial for their proliferation (31).

Bone morphogenetic protein 2(BMP2) is a crucial regulatory element that encourages uterine stromal cells to decidualize. Although the precise process is still unknown, cAMP/PKA may also be used by BMP2 to promote decidualization (32). Progesterone can cause Indian hedgehog protein(IHH), which controls COUP transcription factor 2 expression and, in turn, BMP2 (33). BMP2 can directly regulate FK506-binding proteins to promote the decidualization of stromal cells and promote the activity of progesterone receptors (34). By triggering Protein Wnt-4(Wnt4), BMP2 can also control the expression of Forkhead box protein O1(FOXO1). At the start of decidualization, substantial amounts of FOXO1 reach the nucleus. Before binding to gene enhancers, FOXO1 can interact with Homeobox protein Hox-A10(HOXA10) and CCAAT/enhancer binding protein and promote the production of the markers PRL and IGFBP1, which speeds up the decidualization process (29, 35). BMP2 inhibition is caused by Krueppel-like factor 9 upstream in the absence of decidualization. Following decidualization, the inhibition is released, and the effects of BMP2 start (36). Amine oxidase [flavin-containing] A(MAOA) can also promote FOXO1. When MAOA expression decreases, FOXO1 expression decreases, abnormal proliferation of endometrial stromal cells occurs, and endometrial receptivity decreases (37). Of course, numerous studies have also demonstrated that controlling progesterone receptor expression and activity can control the decidualization process. For example, phosphoinositide-3-kinase regulatory subunit alpha(PIK3R1) is a cofactor of progesterone receptor transcription. Knocking down PIK3R1 reduces the expression levels of FOXO1 and Wnt4, affecting endometrial cell proliferation and differentiation (38). Polycomb complex protein BMI-1 and progesterone receptors can interact, regulate progesterone receptor ubiquitination, and maintain normal progesterone receptor-hormone responses (39). Lack of Endothelial transcription factor GATA-2(GATA2) can lead to decreased expression of progesterone receptors and weakened progesterone signal transduction. GATA2 not only participates in the expression of progesterone receptors but also co-regulates downstream progesterone response genes with progesterone receptors (40).

There is also some infectiousness to the decidualization of stromal cells. Endometrial stromal cells can increase the decidua response by producing autocrine or paracrine cytokines, such as Proheparin-binding EGF-like growth factor(HB-EGF), activin, and Interleukin-11(IL-11) after the decidua is finished (41–43). IL-11 receptor-deficient mice cannot undergo stromal decidualization, and while embryos can be implanted, early pregnancy loss happens (44). Blocking HB-EGF signaling can cause stromal cell death, increase the pro-inflammatory pathway inside endometrial stromal cells, and prevent endometrial stromal cells from decidualizing (45). In addition to the regulatory effects of stromal cells, epithelial cells and embryonic trophoblast cells can also secrete Leukemia inhibitory factor(LIF) and Interleukin-1β、 Extracellular factors such as Interleukin-6(IL-6) further induce the decidualization of stromal cells (46, 47). Endometrial stromal cells also play a role in vascular remodeling during decidualization. During decidualization, endometrial stromal cells also take part in vascular remodeling. Progesterone and cAMP combined in vitro can also cause Vascular endothelial growth factor expression during decidualization (48). Extracellular vesicles produced by endometrial stromal cells can promote endothelial cell proliferation and angiogenesis (49). The molecular mechanism of endometrial stromal cell decidualization can be seen in Figure 1.
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Figure 1 | Endometrial stromal cells’ decidualization molecular pathway diagram. →represents promotion, ┨represents inhibition. The rounded rectangle in the illustration represents the receptors on the cell membrane; Circles show hormones or extracellular substances, while ellipses represent different cell targets.




2.3 Immune cells

Immune cells can facilitate embryo implantation and development by collaborating with endometrial stromal and epithelial cells. The immune cells primarily engaged in endometrial receptivity are T cells, dendritic cells, natural killer cells, and macrophages. Among them, natural killer cells account for 70% of uterine immune cells. Peripheral recruitment and precursor differentiation may be the source of uterine natural killer cells (50, 51). In terms of function, natural killer cells in the uterus differ from peripheral natural killer cells that dissolve tumor cells. Uterine natural killer cells contain lysozyme and granulosa but have no cytotoxicity (10, 52). One of the critical factors in fetal development and the formation of the placenta is believed to be the interaction between Killer-cell Immunoglobulin-like Receptor(KIR) on natural killer cells and HLA class I histocompatibility antigen, C alpha chain(HLA-C) on trophoblast cells. Certain combinations of KIR and HLA-C can lead to unfavorable pregnancy outcomes, like fetal growth limitations and recurrent miscarriages, especially in mothers expressing exclusively inhibitory KIR and babies with high expression of HLA-C2 (53, 54). The absence of natural killer cells in the placenta of rats results in a hypoxic environment, and the trophoblast cells outside the villi show greater invasiveness. These findings suggest that natural killer cells can control vascular remodeling, affecting the trophoblast cells’ capacity to invade the endometrium (55). In the endometrium of an early pregnancy with decidualization, there are a lot of uterine natural killer cells. They can cause the extracellular matrix to break down and vascular smooth muscle cells to be destroyed, suggesting that natural killer(NK) cells may be engaged in the early spiral artery remodeling process (56).

Approximately 15% to 20% of white blood cells in the uterine decidua are macrophages. Uterine macrophages primarily migrate toward the M1 type during non-pregnancy. Following placental development during pregnancy, macrophages will change to the M2 phenotype and stay there until delivery (57). Decidual macrophages, like natural killer cells, are found in and around trophoblast cells and spiral arteries. They are involved in trophoblast cell infiltration, spiral artery remodeling, and embryo implantation (58). Decidual macrophages continuously eliminate apoptotic cells throughout pregnancy to stop apoptotic bodies from releasing and triggering a decidual inflammatory response. This procedure will strengthen the immunosuppressive milieu during pregnancy by encouraging macrophages to secrete more immunosuppressive substances (59, 60). Antigen-presenting solid cells that activate effector T cells to induce cellular immunological responses can be produced by dendritic cells. Immature dendritic cells can improve immunological tolerance by encouraging the production of Treg cells that have undergone differentiation (61). Oddly, throughout pregnancy, dendritic cells steadily decline (62). Moreover, Bartmann et al. discovered that the majority of the dendritic cells in the decidua are immature dendritic cells (63). This might be the decidua’s immune system being suppressed during embryo implantation. Treg cells are essential in mediating maternal tolerance to allogeneic fetuses during implantation and early pregnancy (64). Clinical studies have demonstrated that the presence of Treg cells can lessen the likelihood of unfavorable pregnancy outcomes (65). T helper 2 cell(Th2) predominantly secretes transforming growth factor-β, Interleukin-4, Interleukin-5, and Interleukin-10. Await cytokines facilitate humoral immunity, reduce the activation of the immune system, and encourage the development of allogeneic immunological tolerance. The primary function of T helper 1 cell(Th1) is the production of extracellular cytokines, including IL-2, TNF-α, and IFN-γ, which are detrimental to embryo implantation because they engage in immune surveillance, prevent trophoblast invasion, and activate NK cells (66). The Th1/Th2 balance at the mother-fetal interface is critical in sustaining pregnancy under normal conditions. Treg cells maintain the interplay between Th1 and Th2 cells. In normal pregnancy, this balance will favor the Th2 type (67).





3 Patients with adenomyosis have decreased endometrial receptivity

In addition to the endometrium’s decreased receptivity, altered uterine cavity anatomical morphology may contribute to the lower embryo transfer success rate in adenomyosis patients. Nonetheless, the lower endometrial receptivity in adenomyosis patients is a fundamental obstacle to embryo implantation. Concerning embryo implantation, the aberrant development of embryos in the uterine cavity during the window period, the aberrant contact between endometrial epithelial cells and embryos, and the abnormal endometrial decidualization are the main manifestations of the decrease in endometrial receptivity in adenomyosis. A specific concentration of free radicals in the uterine cavity environment is necessary for embryo implantation, and high or low levels are not conducive to embryo development and implantation (68). The menstrual cycle’s changes will affect the free radical-regulating enzymes Xanthine oxidase (XO), Superoxide dismutase (SOD), Glutathion peroxidase, and Nitric oxide synthase (NOS). The quantities of NOS, XO, SOD, and catalase in the endometrial epithelium, however, are overexpressed in patients with adenomyosis and do not change over the menstrual cycle (69–72). However, the damaging mechanism of endometrial oxidase and antioxidant enzyme expression disorders in embryos in adenomyosis has not yet been studied. Integrin β3 is an essential protein for the attachment of embryos to endometrial epithelial cells and a marker molecule that can indicate the endometrium’s receptivity. A tiny integrin ligand called osteopontin can attach to integrins β 3. It can also control how trophoblast and endometrial epithelial cells interact during implantation. However, integrin β3 and osteopontin expression in endometrium decreased during the WOI of adenomyosis (73). L-selectin might be the initial protein implicated in the endometrial-embryonic junction. Similarly, throughout the window period of adenomyosis, its expression declines in the endometrium (74). Reduced interaction between endometrial epithelial cells and embryos is shown by the decreased expression of protein molecules representing the contact between endometrial epithelial cells and embryos in patients with adenomyosis.

Adenomyosis patients’ decidualization differs significantly from that of healthy women, and aberrant decidualization can result in unsuccessful embryo implantation (75). Endometrial stromal cells from patients with adenomyosis have been found to display decidualization abnormalities in vitro (76). The hormone-dependent junction zone(JZ) between the basal layer and inner layer of the endometrium can regulate the peristalsis of the uterine and endometrial layers. The amplitude and frequency of peristaltic waves gradually increase with the release of luteinizing hormone (77). JZ’s thickness and contraction can impact the transport and implantation of developing embryos. It is linked to the development of the decidua and endometrium and the remodeling of spiral arteries (78). An indication of endometrial receptivity of adenomyosis is the thickness of JZ. The success rate of embryo suppression is 45% when the thickness of JZ is less than 10 mm, while the pregnancy rate is only 5% when the thickness of JZ is more significant than 12 mm (79). Regular expression of estrogen and progesterone receptors in the endometrium is necessary for the endometrial in women of reproductive age to remain receptive. However, progesterone receptor expression declines in the endometrium of individuals with adenomyosis (80). Endometrial decidualization requires the binding of progesterone receptors to progesterone, particularly during pregnancy when endometrial stromal cells express significant levels of progesterone receptors (81). Consequently, because progesterone receptors are absent in people with adenomyosis, the endometrium may abnormally decidualize, decreasing endometrial receptivity and making it difficult for embryos to pierce deeply into the endometrium.




4 Molecular mechanism of abnormal decidualization of stromal cells in adenomyosis of the uterus

According to clinical and basic research findings, adenomyosis patients have inadequate decidualization of endometrial stromal cells. While the exact cause of abnormal decidualization of endometrial stromal cells in adenomyosis patients remains unknown, our investigation of the molecular mechanism of abnormal decidualization of endometrial stromal cells in adenomyosis primarily reveals abnormalities in pathways such as phosphatidylinositol 3-kinase/protein kinase B(PI3K/Akt), Janus kinase 2/signal transducer and activator of transcription 3(JAK2/STAT3), and hedgehog. The detailed molecular mechanism of abnormal decidualization of endometrial stromal cells in adenomyosis can be seen in Figure 2.
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Figure 2 | Diagram showing the molecular mechanisms underlying the aberrant decidualization of endometrial stromal cells during adenomyosis. The figure’s dark text signifies that further confirmation is needed to confirm the target’s anomaly. Red symbols indicate an increase in expression, whereas blue characters indicate a decrease in expression.



4.1 PI3K/AKT pathway

Numerous cytokines can activate the PI3K/Akt signaling pathway, which controls transcription, translation, and cell survival. Following PI3K activation by different cytokines, PI3K catalyzes the synthesis of 3,4,5-triphosphate phosphatidylinositol, which therefore causes Akt phosphorylation. The majority of the time, the phosphorylated Akt shows inhibitory regulation of several cellular processes (82). PI3K/AKT is activated in adenomyosis ectopic lesions, which facilitates the growth of ectopic endometrial cells (83). In patients with adenomyosis, phosphorylated AKT is also abundantly expressed in the eutopic endometrium. Nuclear receptor subfamily 4 group A member(NR4A) can upregulate the expression of FOXO1, while phosphorylation of AKT can result in a decrease in the levels of both NR4A and FOXO1. By upregulating the expression of PRL and IGFBP-1, NR4A can control the decidualization of endometrial stromal cells in vitro (75). As was previously established, FOXO1 plays a significant role in the decidualization of endometrial stromal cells. Irregularities in the AKT/NR4A/FOXO1 pathway may be the reason behind aberrant decidualization in endometrial stromal cells during adenomyosis. Yamamoto (84) et al. discovered that estrogen-stimulated stromal cells in adenomyosis lesions could create more Nerve growth factor(NGF) and that NGF could activate the PI3K/AKT pathway by stimulating Probable serine/threonine-protein kinase RTK1/Insulin receptor substrate 1 (85, 86). Increased expression of BDNF/NT-3 growth factors receptor(NTRK2) in endometrial tissue of patients with adenomyosis during secretion phase (87). Consequently, the excessive generation of NGF in the lesion and the binding of NTRK2 in stromal cells may be connected to the activation of PI3K/AKT in endometrial stromal cells during adenomyosis. Yan et al (88) discovered that Krueppel-like factor 12(KLF12) could prevent PI3K/AKT/NR4A-induced decidualization of endometrial stromal cells. According to this study, KLF12 expression was up in the endometrium of patients with adenomyosis, whereas the expression of miR-21 and NR4A was decreased in comparison to normal female endometrium. MiR-21 can suppress KLF12 expression, which in turn suppresses NR4A expression. Additionally, endometrial stromal cells’ cAMP level and decidualization can be inhibited by the high expression state of KLF12. This shows that by controlling KLF12 to suppress the PI3K/AKT/NR4A pathway and cAMP expression in stromal cells, miR-21 may prevent the onset of endometrial stromal decidualization.




4.2 JAK2/STAT3 pathway

The primary transduction mechanism of many cytokines and growth factors is the JAK2/STAT3 signaling pathway, primarily triggered by interleukins, tumor necrosis factor, and epidermal growth factor (89). When various cytokines bind to homologous receptors, JAK2 in the tyrosine kinase family is activated, causing STAT3 to be phosphorylated, forming dimers and interferon regulatory factors that enter the nucleus, thereby regulating the expression of target genes related to proliferation, apoptosis, and differentiation (90). Curiously, though, patients with adenomyosis display distinct JAK2/STAT3 pathway states in various tissues. In general, the formation of adenomyosis lesions involves the activation of JAK2/STAT3, and the development of adenomyosis lesions can be inhibited by blocking this route (91, 92). However, phosphorylated STAT3 activation can control the endometrium’s receptivity and decidualization, which is essential for successful embryo implantation and continued growth. The decidualization of human endometrial stromal cells shows intense p-STAT3 staining in the late stage of cell cycle secretion, and phosphorylated STAT3 is at a high level in stromal cells of naturally pregnant mice compared to those of nonpregnant mice (93, 94). The expression of PRL and IGFBP-1, indicators of the decidualization of endometrial stromal cells, was downregulated when the JAK2/STAT3 pathway was inhibited (95). Interestingly, the endometrium of patients with adenomyosis exhibits an inhibitory state of this pathway. This could be because the endometrial expresses fewer different cytokines and receptors. For example, Yen CF et al (96) found that the expression of LIF receptors in the eutopic endometrium of patients with adenomyosis decreased, and the activation of STAT3 and ERK signaling pathways was significantly reduced. The reduced expression of GATA2, which causes progesterone receptor expression in endometrial stromal cells of patients with adenomyosis, may be connected to the poor expression of LIF (97). The STAT3 pathway is strongly stimulated when endometrial stromal cells are cultured with LIF (96). Patients with adenomyosis have decreased expression of Interleukin-33(IL-33) in their endometrium. An increase in IL-33 expression can promote the phosphorylation of STAT3, increase the expression of HOXA10, and increase the embryo implantation rate (98). This points to a reduction in IL-33 in the endometrium, which might inhibit endometrial stromal cells’ ability to complete decidualization by silencing the JAK2/STAT3 pathway in these cells. Moreover, IL-6, IL-11, and Interleukin-27 might encourage the decidualization of endometrial stromal cells by activating the JAK2/STAT3 pathway (47, 99, 100). Overexpression of Suppressor of cytokine signaling 3 can prevent cytokine activation of the JAK2/STAT3 pathway by inhibiting STAT3 phosphorylation (95).




4.3 Hedgehog pathway

The hedgehog pathway, which involves primary ciliary transduction, regulates cell proliferation, tissue patterning, stem cell maintenance, and development in many tissues. Furthermore, progesterone signaling transmission is linked to this route (101, 102). Decidualization requires an increase in the quantity and length of primary cilia in uterine stromal cells, which occurs in the early stages of pregnancy. Progesterone has been shown to stimulate the cilia and the synthesis of IHH and Sonic hedgehog protein(SHH) in endometrial stromal cells in both in vitro and in vivo investigations. Through pathways reliant on IL-11 and primary cilia, SHH stimulates traditional Hedgehog signaling in stromal cells and encourages decidualization (103). The expression of the decidualization markers BMP2 and Wnt4 in the endometrium is downregulated when the expression of the IHH receptor PTCH1 declines (104). Zhou Y et al. discovered that in the endometrial tissue of individuals suffering from adenomyosis, there was a downregulation of the expression of pertinent targets in the Hedgehog pathway. Autophagy rises in endometrial stromal cells when the Hedgehog pathway is inhibited (105). Mei et al. discovered, however, that the decidualization of endometrial stromal cells rose in response to an increase in their autophagy function (106). Krueppel-like factor 4(KLF4), which has been shown to be downregulated in adenomyosis endometrial tissue, governs this process. It is the JAK2/STAT3 pathway that regulates KLF4 upstream (107). The downregulation of the JAK2/STAT3 pathway corresponded with the low expression of KLF4 in the endometrial tissue of adenomyosis. However, what confuses us is that the research results of Zhou Y et al. indicate that autophagy levels in the endometrium of patients with adenomyosis are enhanced (105). The research conclusions of the two are contradictory. Therefore, more research is required to determine if autophagy in the endometrial stromal cells of individuals with adenomyosis enhances the decidualization of endometrial stromal cells and the mechanism of its effect.





5 Conclusions

The last stage of female pregnancy is good endometrial receptivity, which is mostly associated with endometrial stromal cells, endometrial epithelial cells, and different immune cells. Building endometrial receptivity and sustaining a normal pregnancy require a fully functional endometrial decidualization response. Decidualization is a highly regulated physiological step that is intricate and mostly associated with major targets like cAMP, FOXO1, BMP2, and HOXA10. According to our analysis, endometrial decidualization problems in patients with adenomyosis are brought on by aberrant pathways in the endometrial stromal cells of adenomyosis, including PI3K/Akt, JAK2/STAT3, and hedgehog. The mechanism of aberrant endometrial decidualization in patients with adenomyosis resulting in long-term pregnancy diseases, as well as the function of different immune cells in the process of endometrial stromal cell decidualization, remain unclear and are not well documented in case studies. The molecular mechanism by which aberrant endometrial decidualization in adenomyosis causes a reduction in endometrial receptivity is clarified by this work, in summary. This can offer focused therapy regimens for the decline in the rate of embryo implantation brought on by aberrant decidualization. Additionally, it can establish a basis for investigating the mechanism of disorders associated with prolonged pregnancy that result from aberrant endometrial decidualization in adenomyosis.
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Introduction

Endometriosis can cause of infertility, and evaluation methods for predicting clinical pregnancy outcomes are desired. Extracellular vesicles (EVs) exist in blood and it contains small non-coding RNAs (ncRNAs) that may reflect disease severity. In this study, we investigated small ncRNAs in serum EVs to identify specific biomarkers for predicting clinical pregnancy.





Methods

Serum samples were collected from 48 patients who underwent assisted reproductive technology (ART). EVs were successfully isolated from serum samples and characterized using nanoparticle tracking assays, electron microscopy, and western blotting of EV’s markers. We performed small RNA sequencing and analyzed microRNA (miRNA) profiles in the infertility patients with and without endometriosis to detect pregnancy-predicting biomarkers.





Results

Candidate miRNAs in serum EVs were selected by comparing patients without endometriosis who became pregnant (n = 13) with those who did not (n = 21). A total of 241 miRNAs were detected; however, no trends separated the two groups. Next, EVs from patients with endometriosis were analyzed and divided into pregnant (n = 4) and non-pregnant (n = 10) cases. Among the 224 candidate miRNAs, miRNA profiles of pregnant women with endometriosis were separated from those of non-pregnant women by receiver-operating characteristics (ROC) curve analysis (area under the curve [AUC] > 0.8). In patients with endometriosis, serum EVs may be useful for predicting possible pregnancy before infertility treatment. Finally, we used small RNA sequencing of the tissue to demonstrate that pregnancy-predicting miRNAs in serum EVs were produced from endometriosis lesions. Although no predictors were found from miRNAs in serum EVs without endometriosis, miRNAs in serum EVs of patients with endometriosis could provide novel noninvasive biomarkers to predict pregnancy and have potential clinical applicability in ART.





Discussion

Further studies are required to examine the functional importance of these miRNAs to elucidate the pathological mechanisms of endometriosis and pregnancy.





Keywords: extracellular vesicles, microRNA, serum, pregnancy, assisted reproductive technology, endometriosis, non-invasive biomarker




1 Introduction

Infertility has received widespread attention owing to its rapid increase among generations in worldwide. As the number of infertile patients increases, the need for assisted reproductive technology (ART) is also growing (1). The International Committee for Monitoring Assisted Reproductive Technologies annual world report series in 2014 estimated that 2 million cycles of in vitro fertilization (IVF) and embryo transfer (ET) were conducted worldwide (2). Although ART has provided tremendous benefits to patients with infertility, some limitations remain, including unsatisfactory success rates and limited treatment options (2). To achieve pregnancy, it is critical that the ovaries function in response to ART and the implantation rate in the endometrium. Currently, the ovarian reserve is determined based on the serum concentration of anti-Müllerian hormone (AMH) (3, 4). However, AMH is only an indication of ovarian reserve and not an estimate of the potential to conceive with ART. Hence, novel predictive biomarkers of pregnancy are required.

Endometriosis is a common gynecological disease affecting 10% of reproductive-aged women, and 30–50% of patients with endometriosis are infertile because the endometriosis impairs ovarian function and oocyte quality (5). Treatment options for endometriosis are currently based on hormonal therapy and surgical resection (6); however, patients do not become pregnant under hormonal therapy, and the ovarian reserve is reduced after surgical resection (7, 8). Whether surgery or ART should be performed first when treating patients with endometriosis-induced infertility remains controversial. Moreover, predicting pregnancy rates in patients with endometriosis before treatment is difficult. For patients with endometriosis, it may be useful to consider how likelihood of pregnancy with ART despite the presence of endometriosis lesions prior to ART treatment. It would be advantageous for patients with endometriosis to determine the likelihood of pregnancy after ART in the presence of endometriosis lesions prior to ART treatment.

Extracellular vesicles (EVs), particularly exosomes, are nano-sized membrane-bound vesicles produced by almost all cells that are detected in a variety of body fluids (9, 10). EVs carry several RNA species, such as mRNA, microRNA (miRNA), piwi-interacting RNA (piRNA), and transfer RNA fragments, in cell-to-cell communications (11–13). Many researchers have examined the functional role of intracellular communication through EVs in several conditions, including endometriosis. Small non-coding RNAs (ncRNAs) in serum EVs have recently been identified as a mechanism of intercellular communication and as a source of biomarkers (14–16). Therefore, small ncRNAs in serum EVs are potential noninvasive predictive biomarkers for several outcomes, such as pregnancy.

There are several researches that have revealed the relationships between biomarkers in EVs and endometriosis (17–21). Specific miRNAs in EVs are revealed to influence the pathogenesis of endometriosis and EVs-dependent signaling can exhibit a profound effect on disease progression (22). Moreover, EV research is expanding into the realm of endometriosis-associated infertility, reflecting the regulation of follicular maturation and epigenetic alterations (23).

This study investigated small ncRNAs in the serum EVs of patients with endometriosis as biomarkers for ART-related possible pregnancy.




2 Methods



2.1 Study population

Serum samples were collected from females undergoing ART at the Nagoya University Hospital. Informed consent was obtained from each patient prior to ovarian stimulation. Consent to publish clinical information potentially identifying individuals (e.g., age, sex, and clinical history) was obtained. This study was approved by the Ethics Committee of Nagoya University School of Medicine (approval number: 2022-0010). Serum samples of infertile patients were obtained on days 3–5 of the menstrual cycle, prior to the start of infertility treatment. The serum sampling cohort from infertility patients without endometriosis was divided into two groups: the pregnancy group (n = 13), comprising patients for whom infertility treatment resulted in at least one pregnancy and delivery, and the non-pregnancy group (n = 21), comprising patients for whom no pregnancy was achieved during ART. Patients with polycystic ovarian syndrome as obvious cause of infertility was excluded from the study. The serum sampling cohort from infertility patients with endometriosis was divided into two groups: the pregnancy group (n = 4) and non-pregnancy groups (n = 10).




2.2 Ovarian stimulation and the IVF/intracytoplasmic sperm injection procedure

Ovarian stimulation involved administering urinary follicle-stimulating hormone (FSH) (uFSH Aska, ASKA Pharmaceutical Co., Ltd., Tokyo, Japan) or recombinant FSH (Gonalef, Merck BioPharma, Tokyo, Japan) at 150–300 IU per day for the first two days, after which the doses were adjusted individually based on the follicular response under gonadotropin-releasing hormone antagonist or agonist protocols. Pituitary suppression was achieved by daily administration of ganirelix acetate (GANIREST, Organon & Co., Jersey City, NJ, USA). When the mean follicles diameters reached ≥18 mm, 10,000 IU of human chorionic gonadotropin (HCG for injection, Fuji Pharmaceutical Co. Inc., Toyama, Japan) was administered, and transvaginal oocyte retrieval was performed 35.5 h later. The protocols used for oocyte retrieval and preparation, sperm preparation, and IVF/ICSI have been previously described (24). ICSI or conventional methods were performed, depending on the sperm concentration and motility.




2.3 Embryo transfer

In the ET protocol, all patients were treated using the same hormonal replacement therapy (HRT) protocol. A transdermal estradiol patch (Estrana® tape, 0.72 mg; Hisamitsu Pharmaceutical Co. Inc. Tokyo, Japan) was used to stimulate endometrial growth, and Utrogestan (UTROGESTAN vaginal capsules 200 mg; Fuji Pharmaceutical Co. Inc. Tokyo, Japan; or LUTINUS vaginal tablet 100 mg; Ferring Pharmaceuticals Co., Ltd.) was used for luteal phase support.




2.4 Sample collection

Serum was collected on days 3–5 of the menstrual cycle, prior to the start of infertility treatment. All serum samples were individually placed into 15-mL conical tubes and centrifuged at 430 ×g for 10 min. The clear supernatant was aliquoted into 2-mL tubes and stored at −80°C until further analysis. Tissue samples were obtained from 10 different patients, who had regular menstrual periods and did not receive any hormonal treatment for at least 3 months before operation. Each small piece of tissue was quick frozen and stored at −80°C until further analysis.




2.5 EV isolation

Approximately 1 mL of each serum sample was centrifuged at 10,000 ×g for 40 min at 4°C in a Kubota Model 7000 ultracentrifuge. The supernatant was filtered using a 0.22 µm filter (Millex-GV 33 mm, Millipore), and then ultracentrifuged at 110,000 ×g for 70 min at 4°C using an MLS50 rotor (Beckman Coulter Inc., USA). The pellet was washed with phosphate buffered saline (PBS), ultracentrifuged under the same conditions, and resuspended in PBS to extract the small EVs. The protein concentrations of the EVs and cell lysates were quantified using a Qubit protein assay kit (Thermo Fisher Scientific) with a Qubit 4.0 Fluorometer (Invitrogen Co., MA, USA), according to the manufacturer’s protocol. The size distribution and particle concentration of the EV preparations were analyzed using a NanoSight NS300 nanoparticle tracking analyzer (Malvern Panalytical Ltd., UK). The samples were diluted in PBS and injected at a speed of 100 a.u. into the measuring chamber. The EVs flow was recorded in triplicate (30 s each) at room temperature. The equipment settings for data acquisition were maintained constant between measurements, with the camera level set to 13.




2.6 Transmission electron microscopy

After post-fixing in 2% osmium tetroxide for 3 h at room temperature, the samples were dehydrated using ascending ethanol concentrations (50–100%). The samples were stained with aqueous uranyl acetate and examined under a transmission electron microscope (LEM-1400PLUS, JEOL Ltd.).




2.7 Western blotting analysis of EVs and cell lysates

Samples of serum EVs prepared with adjusted amounts of protein were loaded onto polyacrylamide gels for the electrophoretic separation of proteins at 20 mA. After blocking with skim milk (Snow Brand Megmilk Co., Japan) or Blocking One (Nacalai Tesque Inc., Japan) for 1 h at room temperature, the membranes were incubated overnight at 4°C with the following primary antibodies: mouse monoclonal anti-CD9 (CBL162, Merck; 1:100), rabbit monoclonal anti-CD63 (EXOAB-CD63A-1, System Biosciences, LLC, CA, USA; 1:1,000), and mouse monoclonal anti-CD81 (sc-166029, Santa Cruz Biotechnology, TX, USA; 1:100). The membranes were subsequently washed three times for 5 min each using Tris-buffered saline with 0.1% Tween® 20 (TBST) and incubated for 1–3 h at room temperature with secondary HRP-conjugated mouse anti-rabbit IgG (NA934-1ML, Cytiva Lifesciences, USA; 1:5,000) or anti-mouse IgG (NA931-1ML, Cytiva; 1:2,000) antibodies. The MagicMark™ XP Western Protein Standard (Thermo Fisher Scientific) was used. The membranes were imaged using an ImageQuant LAS 4010 (GE Healthcare, IL, USA). The uncropped blots are shown in Supplementary Figure S1.




2.8 Small RNA sequencing

RNA was extracted from EVs of serum and tissue samples by using the miRNeasy Plus Mini Kit (QIAGEN, Hilden, Germany). The total RNA concentration of each sample was measured using the Qubit RNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Small RNA libraries were prepared using the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England Biolabs, Ipswich, MA, USA), and index codes were added to attribute the sequences to each sample. Next, the PCR products were purified using a QIAquick PCR Purification Kit (Qiagen) and a 6% TBE gel (120 V, 60 min). Furthermore, DNA fragments corresponding to 140–160 bp (the length of the small ncRNA plus the 3′ and 5′ adaptors) were recovered, and the complementary DNA concentrations were measured using the Qubit dsDNA HS Assay Kit and a Qubit2.0 Fluorometer (Life Technologies, Carlsbad, CA). Single-end reads were obtained using an Illumina MiSeq or NextSeq (Illumina, San Diego, CA, USA).




2.9 Bioinformatics analysis

The small RNA sequencing raw data files were analyzed with the CLC Genomics Workbench version 9.5.3 program (Qiagen). After adaptor trimming, the data were mapped to the miRbase 22 database, allowing up to two mismatches, and normalized using reads per million (RPM) mapped reads. RStudio (RStudio, Boston, MA, USA) and R (ver. 4.0.3) were used. To visualize the volcano plots, the log2 fold change (log2 FC) and adjusted p-values for each gene were calculated using the Wald test in DESeq2 (ver. 1.30.0). After excluding miRNAs with a maximum RPM of <100, 241 miRNAs were selected for subsequent analysis of serum EVs from infertility patients without endometriosis. 224 miRNAs in serum EVs that were differentially expressed between pregnant and non-pregnant patients with endometriosis were selected using the t-test with an adjusted p-value <0.05 and log2 FC >0.7 as the cutoff criteria.





3 Results



3.1 Characterization of serum EVs and miRNA isolation

We selected the pregnant patients (patients without endometriosis; n = 13; patients with endometriosis, n = 4) and non-pregnant patients (patients without endometriosis, n = 21; patients with endometriosis, n = 10) for analysis. EVs were isolated from each serum sample. The serum EVs had an average diameter of 130 nm, as determined by nanoparticle tracking analysis, and included small EVs because their diameter was ≤200 nm (Figure 1A). The morphology of the isolated EVs was confirmed by electron microscopy (Figure 1B). Serum EVs were positive for CD9, CD63, and CD81, which are well-known major exosomal markers (Figure 1C). Based on this data, we had isolated the EVs from serum samples.

[image: Five-panel figure displaying data on serum extracellular vesicles (EVs): (A) Distribution graph showing EV concentration by size, peaking at around 100 nm. (B) Electron micrograph of a serum EV, illustrating its spherical structure at 100 µm scale. (C) Western blot analysis, with markers CD9, CD63, and CD81 detected in serum EVs. (D) Heatmap of z-scores indicating expression levels of different samples, with blue to yellow gradient. (E) 3D PCA plot differentiating pregnancy (orange) and non-pregnancy (green) cases along principal components PC1, PC2, and PC3.]
Figure 1 | Characterization and expression analysis of serum EVs. (A) Size distribution of EVs determined by a nanoparticle tracking analysis. (B) Morphology of the EVs detected by transmission electron microscopy. The scale bar represents 100 nm. (C) The protein expression of EV markers (CD9, CD63, and CD81). (D) The clustering and heatmap analyses of the miRNA profiling in serum EVs from patients without infertility cause. Orange and green letters indicate pregnancy cases (serum-EVs-1 to -13) and non-pregnancy cases (serum-EVs-14 to -34), respectively. The normalized data were converted to base 10 logarithms and z-scores. (E) Principal component analysis (PCA) of the miRNA profiling is shown in (D). PC, principal component.




3.2 Expression analysis of miRNAs in serum EVs from patients without endometriosis

First, we examined serum EVs from patients without endometriosis to detect candidate miRNAs to predict the possible pregnancy before the initiation of infertility treatment. Serum samples from pregnant (n = 13) and non-pregnant (n = 21) were analyzed using small RNA sequencing, and their characteristics are shown in Table 1. The average age in the pregnancy group was significantly lower than that in the non-pregnancy group; however, the causes of infertility, duration of infertility, ART method, and body mass index (BMI) were not significantly different between the two groups. Small RNA sequencing identified 241 candidate miRNAs, and hierarchical clustering and heatmap analyses revealed the miRNA profiles (Figure 1D, Supplementary Table S1). In principal component analysis (PCA), miRNA profiles were not clearly divided between the two groups; thus, miRNA profiles in serum EVs from patients without endometriosis were not directly associated with pregnancy outcomes (Figure 1E).

Table 1 | Characteristics of non-endometriosis group.


[image: Table comparing pregnant and non-pregnant cases based on age, diagnosis, duration of infertility, ART method, and BMI. Pregnant cases are younger on average, with significant p-values for age. Most use ICSI. Both groups have similar BMI.]



3.3 Expression analysis of miRNAs in serum EVs from patients with endometriosis

Next, we speculated whether serum EVs could be predictive biomarkers of pregnancy outcomes among patients with infertility diseases, such as endometriosis. We selected another patient cohort with endometriosis; serum samples from pregnant (n = 4) and non-pregnant patients (n = 10) were analyzed by small RNA sequencing, and their characteristics are shown in Table 2. The age, cause of infertility, duration of infertility, ART method, BMI, and endometriosis cyst diameter were not significantly different between the two groups. The severity of endometriosis is typically assessed using the revised American Society for Reproductive Medicine (r-ASRM) score; however, as many patients in the cohorts did not obtain their r-ASRM score because they underwent operations in other hospitals, the endometriosis cyst size was used to compare the two groups. Small RNA sequencing identified 224 miRNAs that were candidates, and hierarchical clustering and heatmap analyses revealed the miRNA profiles (Figure 2A, Supplementary Table S2). In PCA, the miRNA profiles were clearly divided between the two groups (Figure 2B). Among pregnant women, 14 miRNAs were significantly upregulated in serum EVs from patients with endometriosis, whereas 22 miRNAs were significantly downregulated compared to miRNAs in serum EVs from non-pregnant patients with endometriosis of non-pregnant women (Figure 2C). Receiver operating characteristics (ROC) curve analysis and the area under the curve (AUC) were used to validate 36 miRNAs. The seven ROC curves with an AUC >0.8 and a normalized read count of more than a thousand are shown in Figure 2D.

Table 2 | Characteristics of endometriosis group.


[image: Table comparing pregnant and non-pregnant cases (n=4 and n=10, respectively) across variables such as age, diagnosis, duration of infertility, ART method, BMI, and cyst size. Values and standard deviations are provided. P-values indicate significance, with a notable value of 0.055 for infertility duration. Methods include IVF and ICSI.]
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Figure 2 | Expression analysis of miRNAs in serum EVs of patients with endometriosis. (A, B) The heatmap and PCA of the miRNA profiling in serum EVs of patients with endometriosis. Magenta and turquoise letters indicate pregnancy (serum-EVs-35 to -38) and non-pregnancy cases (serum-EVs-39 to -48), respectively. PC, principal component. The normalized data were converted to base 10 logarithms and z-scores. (C) Volcano plot of dysregulated genes generated by the miRNA profiling shown in (A) Upregulated and downregulated miRNAs in pregnancy cases are listed. (D) ROC curves for detecting pregnancy-predicting biomarkers using each of the seven miRNAs. The AUC was calculated, and >0.8 was selected.




3.4 Verification of whether miRNAs are produced by endometriosis lesions

To detect the original organs that produce pregnancy-predicting miRNAs in serum EVs, we extracted small RNAs from tissue samples of the normal endometrium (sample nos. 1–5), endometrium with endometriosis (sample nos. 6–10), and endometriosis lesions (sample nos. 11–15) (Figure 3A). Patient characteristics are shown in Table 3. Small RNA sequencing identified 547 miRNAs for analysis, and hierarchical clustering and heatmap analyses revealed clearly divided miRNA profiles (Figure 3B). In PCA, the miRNA profiles were clearly divided between the normal endometrium (samples 1–5) and endometriosis groups (samples 6–15) (Figure 3C). In endometriosis lesions, 120 miRNAs were significantly upregulated, whereas 88 miRNAs were significantly downregulated compared to normal endometrium (Figure 3D). Of the 120 miRNAs highly expressed in endometriosis lesions, 5 miRNAs were detected in the pregnancy-predicting miRNAs, which were downregulated in the pregnancy group (miR-139-5p, miR-1246, let-7b-5p, let-7c-5p, and miR-4508) (Figure 3E). Overall, 5 miRNAs were validated using ROC analysis and an AUC >0.75 (Figure 3F). Based on these data, some potential pregnancy-predicting miRNAs markers in serum EVs were produced by endometriosis lesions.

[image: Diagram analyzing microRNA (miRNA) expression in endometriosis:   A) Illustrates sample collection sites: normal endometrium, endometrium with endometriosis, and endometriosis lesions.   B) Heatmap displaying miRNA expression levels across samples with a color gradient indicating Z scores.  C) 3D principal component analysis plot differentiating sample types by color.  D) Volcano plot shows miRNAs downregulated and upregulated in endometriosis lesions.  E) Venn diagram indicating shared miRNAs highly expressed in endometriosis lesions and downregulated in pregnancy.  F) ROC curves for individual miRNAs (miR-139-5p, miR-1246, let-7b-5p, let-7c-5p, miR-4508) with AUC values.]
Figure 3 | Expression analysis of miRNAs in tissue samples. (A) Schema of the samples. (B, C) The heatmap and PCA of the miRNA profiling in tissue samples. Black, blue, and red letters indicate normal endometrium (samples 1–5)), endometrium with endometriosis (samples 6–10), and endometriosis lesions (samples 11–15), respectively. PC, principal component. The normalized data were converted to base 10 logarithms and z-scores. (D) Volcano plot of dysregulated genes in endometriosis lesions generated by the miRNA profiling shown in (B). (E) The Venn diagram shows the five specific miRNAs (miR-139-5p, miR-1246, let-7b-5p, let-7c-5p, and miR-4508). Yellow and green circles indicate the highly expressed miRNAs in endometriosis lesions and downregulated miRNAs in pregnancy cases, respectively. (F) ROC curves for detecting pregnancy-predicting biomarkers in serum samples using each of the five miRNAs.

Table 3 | Patient characteristics of tissue samples.


[image: Table comparing variables between non-endometriosis and endometriosis groups, with five participants each. Variables include age, BMI, and cyst size. The age is 32 ± 5.4 years for non-endometriosis and 39 ± 3.8 years for endometriosis, with a p-value of 0.052. BMI is 20 ± 1.4 and 20 ± 1.1 respectively, with a p-value of 0.57. Cyst size is not applicable for non-endometriosis and 7 ± 3.2 cm for endometriosis.]




4 Discussion

If a biomarker can be measured before a certain treatment is administered and the effect of that treatment can be predicted, it can be a criterion by which a patient chooses a treatment. In reproductive medicine, predicting the possible pregnancy prior to ART would make it possible to predict post-treatment outcomes at the desired time of conception for each individual. In this study, we identified differentially expressed miRNAs in serum EVs of patients with endometriosis to predict pregnancy after ART. While the analysis of serum EVs of patients without endometriosis revealed no particular biomarkers, certain miRNAs that could predict possible pregnancy were detected in serum EVs of patients with endometriosis. Furthermore, pregnancy-predicting miRNAs in serum EVs originated from endometriosis lesions, suggesting that endometriosis is associated with infertility.

miRNAs play important roles in a wide range of biological processes, such as development, cell proliferation, differentiation, apoptosis, and metabolism, in diverse animals, and miRNAs in serum EVs show specific expression patterns related to several diseases and may reflect the other organ functions. First, we examined the miRNAs in the serum EVs of infertile patients without endometriosis to predict possible pregnancy before starting infertility treatment. However, no candidate biomarkers predicting pregnancy were identified in our analysis. The reasons for this include the possibility that a small proportion of miRNAs in serum EVs are expressed as indicators of ovarian function, and individuals may have large differences. Therefore, we focused on endometriosis as an infertility-related disease and examined the miRNAs in serum EVs from different patient cohorts. Endometriosis is a common gynecological disease, and 30–50% of patients are infertile due to ovarian damage and pelvic inflammation (25). In the previous studies, several miRNAs in serum samples have been detected as diagnostic markers for endometriosis, some of which may be related to the endometriosis severity and pathological functions. Of the differentially expressed miRNAs in serum EVs in our study, miR-139-3p (26) and 200b-3p (27) were downregulated in pregnant women, and these miRNAs have been reported to be differentially expressed in serum samples of endometriosis patients compared to control patients. Several candidate miRNAs detected in our study have been reported as endometriosis-associated miRNAs in previous studies. For example, miR-126 enhances vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) signaling via the suppression of inhibitors of these pathways, leading to neo angiogenesis and the development of mature vasculature in endometriosis (27). In the present study, the expression of miR-126 was downregulated in pregnant women. This may mean that miR-126-mediated neo angiogenesis-promoting effect is suppressed in endometriosis. It suggests that the pathogenesis of endometriosis may be milder and associated with better pregnancy outcomes. In our study, miR-223-3p and -5p were upregulated in pregnant women. miR-223, which is not downregulated in pregnant patients with endometriosis in our study, is the most abundant miRNA in EVs derived from macrophages and can be captured by epithelial, endothelial, and fibroblast cells in endometriosis lesions (28). This miRNA plays an important role in increasing the activity of M2 macrophages, which affects the anti-inflammatory status (28, 29). The high expression of miR-223 in pregnant women may reduce the severity of endometriosis via activating M2 macrophages and lead to better pregnancy outcomes. However, these notions are based on the hypothesis that miRNAs functioning in endometriosis lesions are secreted from tissues into the bloodstream; therefore, further functional analysis is required. Finally, to detect the origin of pregnancy-predicting miRNAs in serum EVs, we analyzed small RNA sequences from tissue samples of the normal endometrium, endometrium with endometriosis, and endometriosis lesions. In our analysis, five types of miRNAs were highly expressed in endometriosis lesions and could predict pregnancy in patients with endometriosis. One candidate, miR-139-5p, is significantly upregulated in endometriosis lesions (30–32) and may play a key role in the progression of endometriosis by regulating the viability of endometrial stromal cells and directly targeting Bcl-2-binding component 3 (31). Detecting miRNAs involved in the pathogenesis of endometriosis in the serum suggests that they are likely to be informative biomarkers.

This study had several limitations. First, we could only select a relatively small number of pregnancy cases because of low pregnancy rates. Further large-scale studies are required, including samples from multiple institutions. Second, although some of the miRNAs identified in this study provided a convincing explanation for the differentially expressed miRNAs in pregnancy, others exhibited the opposite direction of dysregulation in different studies. Differential endpoints, miRNA containers, technical differences in sample handling, RNA extraction, normalization, and statistical analytical methods are likely to account for some of the differences between studies. Further studies are required to confirm these findings. Finally, the functional analysis of candidate miRNAs and detection of target genes should be validated in future studies to reveal their functions.

In conclusion, this is the first report to identify miRNA biomarkers in EVs for predicting pregnancy using comprehensive, highly sensitive small RNA sequencing. Certain miRNAs in the serum EVs of patients with endometriosis could predict possible pregnancy before starting the infertility treatments. Our findings could contribute to novel noninvasive pregnancy predictors that are clinically applicable to patients undergoing ART.
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Polycystic ovary syndrome (PCOS) is a prevalent disorder of the endocrine system with significant clinical implications, often leading to health complications related to adipose tissue accumulation, including obesity, insulin resistance (IR), metabolic syndrome, and type 2 diabetes mellitus. While the precise pathogenesis of PCOS remains unclear, it is now recognized that genetic, endocrine, and metabolic dysregulations all contribute significantly to its onset. The immunopathogenesis of PCOS has not been extensively explored, but there is growing speculation that immune system abnormalities may play a pivotal role. This chronic inflammatory state is exacerbated by factors such as obesity and hyperinsulinemia. Therefore, this review aims to elucidate the interplay between IR in PCOS patients, the controlled immune response orchestrated by immune cells and immunomodulatory molecules, and their interactions with adipocytes, hyperandrogenemia, chronic inflammation, and metabolic homeostasis.
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1 Introduction

Polycystic ovary syndrome (PCOS) is the most prevalent endocrine disorder in women, characterized by anovulatory subfertility. It affects approximately 5.6% of Chinese women of reproductive age and around 10% of women from other ethnic backgrounds (1, 2). Clinical features of PCOS include irregular menstruation, infertility, hyperandrogenemia, ovarian polycystic changes, and metabolic abnormalities such as obesity, insulin resistance (IR), and dyslipidemia (Figure 1). PCOS is recognized as a significant risk factor for T2DM (T2DM), cardiovascular disease, gestational diabetes, and gestational hypertension.

[image: Diagram illustrating symptoms and effects of PCOS around a central figure. Includes polycystic ovary, irregular menstruation, insulin resistance, obesity, infertility, acne, hirsutism, and hyperandrogenemia. Each symptom is represented by an icon.]
Figure 1 | The symptoms of PCOS: PCOS is a chronic endocrine, metabolic and reproductive disorder with multiple signs and symptoms. Its main characteristics are ovulation dysfunction (manifested by irregular menstruation, such as oligomenorrhea and amenorrhea), hyperandrogen (manifested by hypertrichosis and acne), polycystic ovary morphology, metabolic disorders (obesity and insulin resistance) and infertility.

The etiology of PCOS remains elusive, and its pathogenesis is complex. According to the latest diagnostic criteria, PCOS can be diagnosed by meeting any two of the following criteria: clinical/biochemical hyperandrogenemia, ovulation disorders, and ultrasound evidence of polycystic ovarian manifestations/abnormal Anti-Mullerian Hormone (AMH) levels (1, 3). Heterogeneity in the diagnostic modalities of IR is evident, with studies demonstrating that fasting triglycerides can be used selectively in place of fasting glucose for the assessment of IR, and that the HOMA-IR index, glucose, and serum insulin levels do not provide a fully consistent measure of IR severity (4, 5). While IR is not a diagnostic criterion for PCOS, the oral glucose tolerance test (OGTT) has been utilized as a primary screening tool for PCOS patients. In recent years, two distinct subtypes of PCOS with varying biochemical profiles have been internationally defined (6). The reproductive subtype is characterized by elevated serum luteinizing hormone (LH) and sex hormone-binding globulin (SHBG) levels, typically with a normal body mass index (BMI) and insulin levels. On the other hand, the metabolic subtype is associated with high BMI and insulin levels, along with relatively low LH and SHBG levels.

There is a growing body of evidence suggesting that immunity plays a significant role in the manifestation of symptoms in PCOS, particularly concerning insulin resistance, adipocyte dysfunction, glucose metabolism, and chronic inflammation. The chronic low-grade inflammation observed in PCOS patients is primarily linked to the accumulation of visceral adipose tissue, where adipocytes undergo necrosis due to hypoxia, leading to the infiltration of inflammatory cells that secrete various inflammatory cytokines. Immune cells have the capacity to either trigger or suppress inflammation by releasing pro-inflammatory or anti-inflammatory cytokines. Immune molecules such as antibodies complement proteins, and lymphokines are generated by immune cells in response to antigenic stimulation. Dysregulated immune cell function or imbalances in immune-related factors can result in immune dysfunction (7, 8). Due to impaired ovulation in patients with PCOS, IR causes androgen overproduction in patients with low progesterone levels, and the two inflammatory phenotypes reinforce each other. the IR-induced abnormalities persist and are exacerbated by androgenic and metabolic disorders, which induce severe immune dysregulation, resulting in the development of systemic symptoms in the patients (9) (Figure 2).

[image: Flowchart illustrating the relationships between environmental factors, genes, and obesity leading to insulin resistance, hyperinsulinemia, chronic inflammation, and hyperandrogenism. These lead to immune dysfunction. Outcomes include metabolic disorders, infertility, and adverse pregnancy outcomes.]
Figure 2 | Factors affecting PCOS, phenotypes and mechanisms of interactions between long-term effects: mechanisms of interactions between IR, hyperandrogenemia and chronic inflammation in PCOS, and the relationship with long-term effects. Environmental and genetic factors may contribute to obesity, and the combination of obesity and these two factors predispose to IR and hyperandrogenemia.The interaction between IR and hyperandrogenemia may create a favorable environment for chronic inflammation, and the whole process is involved by the immune system. Ultimately, the interplay among chronic inflammation, immune system, IR, and hyperandrogenemia may result in infertility, metabolic disorders, and adverse pregnancy outcomes in patients with PCOS.

Moreover, several immune molecules are directly implicated in the immune response and are closely associated with insulin resistance in PCOS. This review provides a brief overview of current research on various innate immune cells and immune molecules, elucidating their roles and mechanisms in the development of insulin resistance in PCOS.




2 Immune cell regulation in IR



2.1 Macrophage immune regulation in IR

Macrophages play a crucial role in the immune response of patients with PCOS who develop IR. They serve as primary actors in innate immunity and also function as antigen-presenting cells in specific immunity. While not all patients with an IR phenotype show signs of obesity, it is evident that obesity significantly increases the risk of metabolic syndrome in individuals with PCOS (10). In obese PCOS patients with decreased levels of lipocalin (11), there is a substantial increase in both the size and quantity of adipocytes within a short timeframe. This rapid growth leads to local tissue ischemia and hypoxia, triggering the accumulation of macrophages, which can expand to more than five times their original size (12–14). Activated and differentiated M1 macrophages are predominantly located in a ring-like structure surrounding dead adipocytes, known as the crown-like structure (CLS), where they phagocytose these cells and sustain the release of pro-inflammatory cytokines (15).

Clinical studies have shown increased expression and phosphorylation levels of Forkhead box O1 (FOXO1) in peripheral blood macrophages from patients with PCOS (16). Insulin signaling in macrophages leads to the inactivation and nuclear exclusion of FOXO1 during its phosphorylation, a process that can be reversed under conditions of IR or inflammation (17). Silencing FOXO1 in macrophages results in monocytes exhibiting a greater polarization towards the M2-type, which helps to reduce the inflammatory state and IR (18, 19). On the other hand, upregulating FOXO1 promotes the release of Toll-like receptor 4 (TLR4)-mediated pro-inflammatory factors such as IL-1β, IL-6, and TNF-α (16).

TNF-α is recognized as the initial chronic inflammatory cytokine discovered in adipose tissue linked to obesity. TNF-α has the ability to diminish insulin expression by reducing the levels of insulin receptor substrate 1 (IRS-1) and glucose transporter 4 (GLUT4) proteins. Additionally, TNF-α can trigger inflammatory pathways like nuclear factor kappa-B (NF-κB) and c-Jun N-terminal kinase (JNK) in adipocytes. This activation hampers insulin sensitivity further under the influence of inflammatory factors, thereby worsening IR (20–22).

Obesity, inflammation, and IR show a mutually reinforcing relationship, i.e., increased accumulation of adipocytes promotes macrophage aggregation and differentiation, thereby inducing inflammation and stimulating IR.

In lean patients with PCOS, abnormalities in adipose tissue persist (11). In the subcutaneous adipose tissue of PCOS patients, there were higher levels of CD11c-positive adipose tissue macrophages, as well as elevated levels of TNF-α and leptin compared to body mass index (BMI)-matched women without PCOS. Additionally, in visceral adipose tissue, catecholamines exhibited significantly increased lipolytic effects, leading to the release of fatty acids from visceral adipose tissue, which were closely linked to insulin resistance. On the other hand, some studies have indicated that there is no significant difference in the transport and mechanism of action of fatty acids and monoacylglycerol in PCOS patients, regardless of whether adipocytes are normal or abnormal in size (23, 24).

Presently, the majority of studies concentrate on investigating the mechanism of IR in obese patients with PCOS. However, the cause of IR in lean PCOS patients might be associated with the pro-inflammatory differentiation of macrophages triggered by abnormal fatty acid lipolysis in visceral fat. It is noteworthy that the locations of macrophage aggregation in the two categories of PCOS patients are not identical (25). In patients with polycystic ovary syndrome (PCOS), there are elevated levels of androgens and serum homocysteine. In mice with PCOS induced by dehydroepiandrosterone (DHEA), homocysteine leads to an imbalance of M1/M2-type macrophages in adipose tissue, causing a shift from M2-type to M1-type macrophages. This transition exacerbates DHEA-induced IR. Furthermore, the abnormally elevated insulin levels at this stage can stimulate androgen secretion from ovarian membranous cells, reduce insulin receptor autophosphorylation in ovarian granulosa cells, and further worsen the chronic inflammatory response and IR in the ovaries (26, 27).




2.2 T Lymphocyte immune regulation in IR

T cells are a type of immune cell that matures in the thymus and plays a crucial role in specific immunity within an organism. They exhibit diverse subtypes and functions. CD4+ T cells contribute to maintaining the body’s immune response by recognizing major histocompatibility complex (MHC)-II-like molecules on the surface of antigen-presenting cells, subsequently activating and guiding other immune cells to the infection site. In the follicular fluid of patients with PCOS, the proportion of CD8+ T cells was notably lower compared to CD4+ T cells (28). CD4+ T cells play a more significant role in various clinical manifestations in PCOS patients, including IR. Based on their complex metabolic programming and cytokine production, CD4+ T cells can differentiate into distinct functional subpopulations. Among these, Th1 [producing interferon-gamma (IFN-γ)], Th17 (producing IL-17, IL-21, and IL-22), and Th2 (producing IL-4, IL-5, and IL-13) effector cells primarily rely on aerobic glycolysis for energy generation. In contrast, regulatory T cells (Treg) [producing IL-10, transforming growth factor β (TGF-β)] depend on oxidative phosphorylation driven by fatty acid oxidation (29–31).

In peripheral blood and adipose tissue of PCOS patients with metabolic abnormalities, T cells are the second largest immune cell population after macrophages, with significantly increased proportions of Th1, Th17, and CD8+ T cells and decreased proportions of Th2 and Treg cells (32–34). Metabolites of adipocytes can influence T-cell differentiation mediated by the T cell antigen receptor (TCR), and of the many soluble differentiation stimulators, fatty acids have been shown to be the strongest stimulators of Th1 differentiation (35, 36). T cells differentiated into pro-inflammatory Th1 cells produce IFN-γ, which induces macrophage differentiation towards the M1 phenotype. The aggregation of Th1 cells and infiltration of IFN-γ will recruit other immune cells, including macrophages, and increase the body’s inflammatory immune response (37). The above responses will be more pronounced in obese individuals. It was found that, in addition to its effects on immune cells, IFN-γ can directly induce IR in mature human adipocytes by taking charge of the activation of the janus kinase (JAK)/signal transducer and activator of transcription 1 (STAT1) pathway and inhibiting the expression of insulin signaling genes (GLUT4 and IRS1), lipid-forming genes (Perilipin, Lipoprotein Lipase, and Fatty Acid Synthesis Enzymes), and genes related to lipid storage (Recombinant Peroxisome Proliferator Activated Receptor(PPAG) and Lipocalin) (38). Insulin sensitivity was improved when the interferon gene was knocked out (39).

In the immunoregulation of T cells, the co-inhibitory receptors cytotoxic T-lymphocyte-associated protein 4(CTLA-4) and programmed cell death protein 1(PD-1) are co-expressed on effector T cells and participate in the dynamic balance of the immune response. The expression of PD-1 is maintained in T cells, which participates in the routine immune response of the body. In the acute phase, the expression of PD-1 decreases rapidly, and the body produces a rapid immune response. The proportion of T cells with elevated PD-1 expression in serum and follicular fluid was significantly higher in patients with PCOS than in normal patients, then metabolic disorders in patients with PCOS are associated with PD-1 expression (40). PD-1-overexpressing T cells are one of the subpopulations of the T-cell depletion phenotype (41, 42), and when in the presence of a PD-L1/PD-1 pathway blocking antibody, dendritic cells trigger the proliferation of syngeneic T cells and modulate T-cell subsets, which have elevated levels of IL-2 (43). This may suggest that in PCOS patients with abnormal T cells, PD-1 always plays a role in the relevant pathway and that high expression of PD-1 may inhibit T cell differentiation to Th2 type cells that secrete anti-inflammatory cytokines. In contrast, insulin has an anti-inflammatory effect on circulating immune cells, which may induce T cells to differentiate into an anti-inflammatory Th2 phenotype, and the dysregulation of the Th1/Th2 ratio and the PD-1-associated pathway may play a key role in resisting the effect of insulin on the immune response associated with T cells (44, 45).

CD4+ CD25+ Foxp3+ Treg cells were significantly lower in the peripheral blood of PCOS patients than in controls (34). FOXP3+ Treg cells can stimulate the production of IL-10 by macrophages through the secretion of IL-13, mediated by transforming growth factor-β. TGF-β and IL-10 act as the main anti-inflammatory cytokines in metabolism (46, 47). Smad4 and Recombinant Runt Related Transcription Factor 2 (RUNX2) genes are part of the TGF-β signaling pathway. The expression of these genes and related mRNAs increases during the development of hyperinsulinemia and IR in organisms (48). PCOS patients also differ from some obese patients in terms of hormone secretion levels. Estrogen helps limit inflammation, and in PCOS patients with hyperandrogenemia, the expression of the transcription factor B lymphocyte-induced maturation protein 1 (BLIMP1), which is androgen-dependent, is elevated. This leads to an immune response that brings about a new balance in the interaction between increased adipocyte inflammation and male-specific IL-33-producing stromal cells that actively recruit and locally expand Treg cell populations in a BLIMP1-dependent manner under the influence of sex hormones (49). In PCOS patients, there was a notable increase in Th17 cells, which predominantly secrete IL-17 to trigger neutrophilic inflammation, despite an overall decrease in Treg cells in the serum (34, 50). This indicates that the imbalance between Th17 and Treg cells in the context of abnormal insulin metabolism in PCOS patients is primarily due to the reduced levels of Treg cells.




2.3 B Lymphocyte immune regulation in IR

Similar to T-cells, B-cells are classified into different subpopulations based on their distinct phenotypes, functions, and the primary cytokines they secrete. Presently, there are two primary categories: B-1 and B-2 cells. B-1 cells are predominantly found in organ cavities, mucosal tissues, and adipose tissues. They can be further categorized into CD5+B-1a and CD5-B-1b based on their CD5 expression (51, 52). B-1a cells, as innate B-like cells, are the primary producers of natural IgM antibodies in the body (53), and mainly function in the absence of antigens. In contrast, B-1b cells participate in T-cell-mediated immune responses to external antigens. B-2 cells are B cells traditionally derived from the bone marrow and migrate to lymphoid organs (54). They generate and concentrate specific antibodies, playing a crucial role in humoral immunity, and have the ability to differentiate into memory B cells and plasma cells. When B cells secrete anti-inflammatory factors like IL-10, and IL-35, they are collectively known as regulatory B cells (Bregs). These cells are not distinct subtypes from B-1 and B-2 cells but rather functional subtypes within these two classes of B cells.

In the context of IR driven by inflammatory adipose tissue, B-cells are the initial immune cells to accumulate, followed closely by T-cells, and eventually by macrophages (55). In individuals with PCOS experiencing low-grade chronic inflammation, the levels of anti-inflammatory IL-10 produced by Bregs were significantly lower compared to controls (56–58). Conversely, enhancing IL-10 expression or administering it for short durations in IR mice led to a notable increase in systemic insulin sensitivity. This effect was lost in the absence of IL-10 (59–61), indicating its role in inhibiting the differentiation of T cells into pro-inflammatory Th1 cells.

In patients with PCOS, the levels of IL-10 produced by B-1 cells decrease, leading to an increase in T-cell differentiation towards a pro-inflammatory phenotype, consequently promoting the development of insulin resistance originating from visceral adiposity (62–64). Additionally, B-2 cells have been demonstrated to have a pro-inflammatory function in the expansion of adipose tissue in rats consuming a high-fat diet (65). Moreover, in PCOS patients, this activation of B cells is closely linked to hyperandrogenism and the androgen receptor (66).

In line with mouse data, hyperandrogenemia also increases levels of IL-1β, IL-8, and IL-18 in PCOS patients (67). IL-8 functions as a pro-inflammatory factor that attracts neutrophils to adipose tissue, contributing to inflammation and IR (68). Furthermore, in obese PCOS individuals, there are changes in the levels of the pro-inflammatory cytokine leptin. Leptin triggers the phosphorylation of JAK2, STAT3, p38MAPK, and ERK1/2 in B-cells, decreases the expression of apoptotic factors, enhances B-cell survival, and promotes Th1 cell differentiation (69, 70). Limited research has focused on the pro-inflammatory mechanisms of B cells in insulin-resistant PCOS patients. Additionally, the association between B cells and macrophage polarization mechanisms in dysfunctional adipose tissue requires further exploration.




2.4 Dendritic cells immune regulation in IR

Dendritic cells (DCs) are antigen-presenting cells that play a role in both innate and acquired immunity. They are categorized based on morphology into conventional DCs (CDCs) and plasma cell-like DCs (PDCs) (71). DCs express surface markers like MHCII, CD11b, CD11c, and C-X3-C motif chemokine receptor 1, which are shared with macrophages. This similarity indicates that in dysfunctional adipose tissue, DCs function akin to macrophages (72, 73). Unlike many other immune cells that undergo substantial proliferation, DCs proliferate within tissues, albeit to a lesser extent (74, 75).

CDCs in adipose tissue can be subdivided into cDC1 (CD4- CD8α+ CD103+ CD205+ CD11b- CLEC9A+ XCR1+ CD24+ MHCII-) (76–78) and cDC2 (CD4+/- CD8α- CD205-CD11b+ CLEC4A4+ CD24+ MHCII+) (79, 80) based on descent. Both types of DCs increase in obese or inflamed tissues. cDC1 cells lacking MHCII are involved in cross-presentation to CD8+ T cells, leading to an expansion of CD8+ cells (81). The lack of MHCII expression in cDC1 and the decrease in the total number of CD11c+ cells enhance the body’s insulin sensitivity and lower the likelihood of IR. Nevertheless, this evidence alone does not imply a direct involvement of CD11c+ DCs in IR; CD11c+ macrophages also contribute to the reduction in inflammation levels (77).

Additionally, human monocyte-derived dendritic cells (moDCs) express CD14+ and are considered precursors of inflammatory dendritic cells (82). Conventional dendritic cell type 2 (cDC2) triggers CD4+ T-cell differentiation and exhibits a protective effect against adipose tissue inflammation. This effect induces IL-10 production through the activation of the Wnt/CD11b-catenin pathway in cDC2 cells [CD11c(hi) MHCII+ CD11b-], which typically express MHCII. Conversely, the previous pro-inflammatory function can be suppressed in dendritic cells [CD11c(hi) MHCII+ CD11b+] by activating the PPARγ pathway (83). Both mechanisms may contribute to IR in patients with PCOS. Moreover, the influence of serum estradiol levels on gonadotropins in PCOS patients impacts the maturation of CD11c+HLADR+ dendritic cells in human follicular fluid, consequently affecting IR levels (84). However, the precise molecular mechanism underlying this process remains unknown.




2.5 Natural killer cell immune regulation in IR

NK cells, which are innate lymphoid-like cells (ILCs) originating from the bone marrow, are widely distributed in various organ tissues and serve specific immune functions. Studies have shown that NK cells constitute 13% of immune cells in visceral fat and contribute to the inflammatory polarization of the immune response (85, 86). Inflammatory conditions predominantly regulate the local activity of NK cells through IL-12, IL-15, and IL-18 produced by dendritic cells and macrophages, with a particular focus on the extensively researched role of IL-15 (87–89).

IL-15 is highly expressed in the follicular fluid of PCOS patients and is positively correlated with serum testosterone levels. Treatment with IL-15 enhances the expression of Cytochrome P450 17A1 (CYP17A1) in granulosa cells, a key enzyme for androgen synthesis. Elevated levels of CYP17A1 lead to increased production of DHEA, a precursor for most androgens. Elevated androgen levels significantly contribute to inflammation and inflammation-induced IR (90).

In an inflammatory state, the expression of adipocyte NKp46 (NCR1) ligand is upregulated, and IL-15 binds to IL-15Rα on NK cell membranes, activating NK cells to produce IFN-γ. This promotes the polarization of CD4+ cells and macrophages towards an inflammatory state, contributing to the development of IR. Aggregated macrophages secrete large amounts of chemokines such as C-C motif chemokine ligand 3(CCL3), C-C motif chemokine ligand 4(CCL4), and chemokine CXC ligand 10 (CXCL10), which facilitate the recruitment of NK cells (91, 92).

Adipose tissue macrophage inflammation and IR can be improved by inhibiting NK cell function using neutralizing antibodies or through E4bp4 heterozygous knockout in mice (93). This is because inhibiting NK cell function leads to decreased expression of TNF-α and IL-1β, while increasing the expression of anti-inflammatory IL-10 and Arg1. Furthermore, leptin and lipocalin, linked to obesity, also regulate NK cell function. Short-term exposure to leptin enhances NK cell cytotoxicity and IFN-γ levels, whereas long-term exposure has the opposite effect. Conversely, lipocalin consistently suppresses NK cell function, irrespective of treatment duration (94, 95). This data indicates that in obese patients with PCOS, elevated leptin levels and/or decreased lipocalin levels activate NK cells, promoting the initiation and progression of inflammatory responses in adipose tissue, partially elucidating the development of IR in obese PCOS patients.

Due to significant phenotypic diversity and individual variances in PCOS patients, limited research has focused solely on NK cells, their cytokines, and their precise mechanisms.




2.6 Granulocyte immune regulation in IR

Granulocytes are a type of leukocytes characterized by specific cytoplasmic granules. They are classified into major subgroups, including eosinophils, basophils, and neutrophils. In the complex inflammatory environment of PCOS patients, granulocytes are rapidly generated in the bloodstream, contributing to the immune response (96, 97). Specifically, the neutrophil-to-lymphocyte ratio (NLR) showed a positive correlation with HOMA-IR and serum insulin levels, irrespective of the obesity level in PCOS patients. This indicates a potential higher proliferation of granulocytes compared to lymphocytes in PCOS patients. Among the three types of granular leukocytes, neutrophil count and its proportion in leukocytes are commonly utilized as serum inflammation markers. Lourdes et al. observed that in PCOS patients with both hyperandrogenemia and hyperinsulinemia, the elevated white blood cell counts were primarily attributed to increased neutrophils. Moreover, glucose-lowering medications effectively suppressed the rise in neutrophils, thereby alleviating the inflammatory response in patients (98). Currently, it is believed that the mechanism of neutrophils affecting IR in PCOS is linked to myeloperoxidase (MPO). This belief stems from the higher MPO levels in leukocytes of PCOS patients compared to controls, with a more significant increase in the presence of IR (97, 99). However, due to the harsh culture conditions of granulocytes and the difficulty of detection, no authoritative study has yet revealed the specific mechanism of their role in IR in PCOS patients.

Overall, the mechanisms by which immune cells influence insulin resistance in PCOS patients are intricate and varied, necessitating further investigation into the functions of most immune cells (Figure 3).
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Figure 3 | The role of immune cells in IR in patients with PCOS: Abnormal proliferation of immune cells can cause immune dysfunction or imbalance in the ratio of immune-related factors. Several immune cells are involved in the inflammatory response, such as macrophages, T cells, B cells, granulocytes, dc, and NK cells, which can initiate or inhibit the host’s inflammatory response through the production of proinflammatory cytokines or suppressor cytokines. dc, dendritic cell; NK, natural killer cell.





3 Immune molecules regulation in IR



3.1 Cytokine



3.1.1 Tumor necrosis factor-α in IR

The tumor necrosis factor (TNF) superfamily comprises 19 ligands and 29 receptors (100), all of which demonstrate proinflammatory activity. In the 1960s, a factor that induces tumor regression was discovered and named TNF-α. TNF-α was initially identified in macrophages and serves as a prototype of the TNF ligand family. Upon activation, TNF-α initially generates a transmembrane protein (tmTNF-α) in adipocytes and subsequently engages in signaling via two receptors, TNF-R1 and TNF-R2 (101, 102). Two transcription factors, NF-κB, and activator protein-1 (AP-1), have been identified to participate in the signaling process (103, 104). This factor was detectable in various components of the human oocyte-corona cumulus complex as early as fifty years ago (105, 106). Currently, TNF-α, a significant inflammation marker in vivo for PCOS patients, also impacts the clinical characterization of PCOS patients in diverse manners (107).

The molecular levels of GLUT-4 and IRS1, associated with glucose membrane transport and glucose uptake respectively, were significantly lower in PCOS patients with BMI compared to normal women (108–110). Conversely, TNF-α may contribute to insulin resistance in PCOS patients by inhibiting tyrosine kinase phosphorylation of IRS and reducing the biological activity of GLUT-4 (111). Statistically significant variations were also noted in the expression levels of TNF-α and lipocalin in obese women with PCOS compared to those without PCOS (112, 113). A negative correlation was observed between the two variables. In vitro experiments elucidate this relationship: TNF-α decreases lipocalin expression and secretion, while lipocalin influences TNF-α-induced proinflammatory and insulin inhibitory effects (114–117). It is evident that in patients with PCOS, TNF-α, known for its pro-inflammatory role, plays a predominant role. NF-κB, a transcription factor influenced by TNF-α, may also contribute to insulin resistance through a specific mechanism linked to its significant upregulation of inflammatory interleukins (e.g., IL-1β, IL-6) upon activation (118).




3.1.2 Interleukin-6 in IR

Interleukin-6 (IL-6), a multifunctional signaling molecule, is primarily produced by immune cells, epithelial cells, and tumor cells (119, 120). In the field of reproductive endocrinology, its key roles include regulating gonadotropin secretion, implantation, luteal function, and embryo development. IL-6’s activity is triggered by various pro-inflammatory molecules like TNF-α, interferon-γ (IFN-γ), and IL-1 (121). Initial studies indicate that IL-6 may enhance lipolysis in human adipocytes cultured for 48 hours. Sennet et al. found that short-term IL-6 treatment (30-90 minutes) increased socs-3 expression in HepG2 cells and rat hepatocytes, potentially affecting insulin-induced IRS-1 tyrosine phosphorylation, p85 binding, and downstream PKB/Akt phosphorylation, with a similar mechanism implicated in T2DM (122–124). Higher serum IL-6 levels in normal-weight polycystic subjects suggest that elevated IL-6 levels in nonobese subjects with PCOS may also contribute to IR (125). Two other studies on purely obese patients and obese PCOS patients also found higher IL-6 expression in obese PCOS patients compared to purely obese patients (126, 127). Therefore, in obese conditions, androgens trigger immune responses in patients with polycystic ovaries, creating a mutually reinforcing relationship between polycystic changes, hyperandrogenism, and insulin resistance. The more complex mechanisms of IL-6 need further exploration.




3.1.3 Interleukin-17 in IR

The pro-inflammatory cytokine IL-17 is associated with tissue inflammation induction. This cytokine family comprises six members, IL-17A to IL-17F, with IL-17A and IL-17F being closely related and co-expressed on linked genes. IL-17 is sourced from both Th17 and Th2 cells, while IL-17E is specifically from Th2 cells and enhances the Th2 pathway’s activity. Previous studies have demonstrated a significant increase in Th17 cells in PCOS patients, with high concentrations of IL-17A, a characteristic Th17 cytokine, compared to the control group.

IL-17 plays a role in adaptive immunity and in the production and interaction of innate immune cells on tissue cells, so it is reasonable to assume that it is involved in the low-grade chronic inflammation produced by adipose tissue as an important participating component. Furthermore, IL-6, a signaling molecule necessary for the differentiation of CD4+ cells into the Th17 lineage (128, 129), is a major downstream gene target of IL-17 (130, 131). A study by Fulghesu et al. showed that IL-6 concentrations were much higher in the sera of patients with the same PCOS who also had IR than in those without IR (132). Similar findings were obtained in obesity-promoting Th17 cells in expanded diet-induced obese mice, where Th17 cell numbers were significantly increased in wild-type genes, whereas the response of Th17 cells was not enhanced in IL-6-deficient mice (133). These studies suggest that, to some extent, the chronic inflammation that generates IR is dependent on the associated response of Th17 cells, which in turn is dependent on the activation of IL-6. CCAAT/enhancer binding protein (C/EBP) β and C/EBPδ are important transcription factors that promote adipocyte differentiation (134), and during adipogenesis, C/EPBβ is sequentially phosphorylated at three sites (Thr188, ser184 and Thr179) in its internal regulatory structural domain (135). Although IL-17 inhibits adipogenesis, it induces an increase in the abundance of C/EBPβ and C/EBPδ in lipogenic cell lines (130, 136) and induces phosphorylation at Thr188 and Thr179 sites (137). A study showed that IL -17 triggered a significant increase in IL-6 levels in differentiated adipocytes in culture of human mesenchymal cells (138). Increased IL-6 stimulates Th17 cell differentiation, which in turn may lead to an upregulation of IL-17-induced IL-6 levels. Although the relationship between IL-17 and IL-6 mutual stimulation has been demonstrated in many cells including adipocytes, the exact mechanism of IL-17 action on adipocytes and IR remains unknown, as does the promotion of CD4+ T cell differentiation into Th17 cells by IL-6.




3.1.4 Interleukin-18 in IR

Interleukin 18 (IL-18), also known as IF-γ-inducible factor, is a pro-inflammatory cytokine that in humans is encoded by the IL-18 gene. IL-18 belongs to the IL-1 superfamily and is produced by macrophages and other cells. Upon IL-18 stimulation, natural killer (NK) cells and some T cells release another important cytokine, IFN-γ or type II interferon, which in turn activates macrophages or other cells.

In adipose tissue, non-adipocytes, such as stromal vasculature and immune cells, are the primary source of IL-18 (139, 140). Simultaneously, immune cells synthesize IL-18Ra/b heterodimeric receptor complexes, to which IL-18 binds and plays a crucial role. Abnormal inflammation in adipose tissue leads to changes in IL-18R/IL-18 expression on CLS immune cells (141). Studies on animals have shown that mice with reduced IL-18 secretion exhibit elevated levels of adipose and pro-inflammatory factors in adipose tissue, resulting in glucose intolerance (142). However, a statistical analysis of diabetic patients revealed a positive correlation between elevated serum IL-18 and glycemic abnormalities after excluding the influence of BMI and adipokines. Similar results were observed in patients with PCOS and other low-grade chronic inflammatory conditions (107, 143, 144). This variation may be attributed to the diverse functions of IL-18 in different tissues (145). For instance, in bone marrow tissues, IL-18 primarily contributes to maintaining glucose homeostasis, while in tissues other than bone marrow, it mainly regulates the expansion of adipocytes (142). In individuals with adipose inflammation, IL-18 expression showed a negative correlation with IRS1, GLUT-4, lipocalin, and PPARγ expression (142), while demonstrating consistent changes with the severity of obesity, insulin resistance, lipid metabolism, and dyslipidemia, all indicating a significant role of IL-18 in insulin metabolism abnormalities (146–148).





3.2 Immunomodulatory molecules in IR



3.2.1 Interferon regulatory factor in IR

Up to now, studies have identified nine members of the mammalian interferon regulatory factor (IRF) family: IRF1, IRF2, IRF3, IRF4 (PIP, LSIRF, or ICSAT), IRF5, IRF6, IRF7, IRF8 (ICSBP), and IRF9 (ISGF3γ) (149, 150). IRFs play a key role in the regulation of innate and acquired immunity as a transcriptional regulator of type I interferons and interferon-inducible genes (151). The structure of IRF and its function in tumor growth have been well described (152). This study aims to clarify the potential relationship among IRFs, immune cells, and IR in patients with PCOS (as shown in Table 1).

Table 1 | Summary of IRF members and their connection to IR in PCOS.


[image: A table comparing IRFs (Interferon Regulatory Factors) IRF1, IRF2, IRF3, IRF4, IRF5, and IRF7. Columns include Expression, Target genes in immune cells, Functions, and Connection to IR in PCOS. Each IRF has specific target genes, functions, and roles in conditions like obesity and PCOS inflammation, highlighting their influence on immune signaling and metabolic processes.]



3.2.2 Secreted frizzled-related protein 4 in IR

Secreted frizzled-related protein 4 (SFRP4) is a peptide hormone belonging to the SFRPs family, expressed in various tissues such as adipocytes, pancreas, and uterus (153–155). Elevated SFRP4 levels are observed in metabolic disorders linked to IR, like T2DM and gestational diabetes mellitus (GDM) (156, 157). SFRP4 plays a role in adipocyte differentiation, increasing adipokines, inducing oxidative stress in pancreatic cells with low antioxidant enzymes. Moreover, SFRP4 inhibits insulin extracellular secretion by reducing Ca2+ channel opening in pancreatic islet cells (153, 158). Wnt signaling (WNT5) showed a negative correlation with body weight in women with PCOS and controls (159). Acting as a Wnt signaling pathway antagonist, SFRP4 hinders Wnt proteins from binding to Wnt ligands or Fzd, thereby blocking the Wnt signaling pathway (160). These findings suggest that SFRP4 is directly or indirectly involved in the pathophysiologic pathway of IR.




3.2.3 Afamin in IR

Afamin was biochemically characterized as a vitamin E-binding protein found in follicular fluid, suggesting involvement in the reproductive system, particularly in follicle maturation (161, 162).

Vitamin E, a crucial antioxidant that combats oxidative stress in vivo, suggests that Afamin likely participates in anti-apoptotic processes related to oxidative stress (163). Two studies reported elevated levels of hyperglycemia-induced reactive oxygen species (ROS) and activated NF-kB in PCOS patients, resulting in TNF transcription, with the most significant impact observed in obese PCOS patients (164, 165).






4 Immunotherapy

Since the immune mechanism of PCOS is rarely studied and the research of immunotherapy for PCOS is still in the preliminary stage, so in this part, we summarized the existing immunotherapy methods and looked forward to more research and exploration in this field.



4.1 Immunosuppressive therapy

Tacrolimus (FK506) is an 822 kDa lipophilic macrolide antibiotic known for its potent immunosuppressive properties. It has been shown to inhibit the production of IFN-γ and IL-2 by activated T cells, as well as the aberrant expression of chemokine CXC ligand. This inhibition effectively suppresses the inflammatory response in target organs, such as the ovary and adipose tissue in murine models, thereby promoting ovarian ovulation and providing protection against IR (166–168).

Isotretinoin, a derivative of vitamin A, acts as an effective antiproliferative and antikeratinizing agent with certain immunosuppressive effects. A prospective clinical study conducted in Egypt investigated the impact of oral isotretinoin administration in patients with PCOS. The study reported a significant reduction in both free testosterone levels and acne scores following treatment. However, it also noted a considerable increase in serum triglyceride and cholesterol levels among the patients (169). Importantly, the study did not include measurements of insulin and glucose levels. These findings suggest that while isotretinoin may effectively modulate hormonal levels in PCOS patients, it does not appear to alleviate symptoms associated with metabolic disorders.




4.2 Stem cell therapy

Mesenchymal stem cells (MSCs) significantly modulate the therapeutic immune response in a murine model of PCOS. Numerous studies have shown that MSC treatment markedly reduces serum expression of ovarian-specific genes and peripheral levels of the pro-inflammatory cytokine TNF-α in mice with PCOS. This effect may be mediated by the anti-inflammatory cytokine IL-10 (170–172). Peripheral blood flow cytometry analysis by Lamei Cheng et al. revealed that MSC treatment restored the proportions of macrophages and neutrophils in both peripheral blood and spleen to normal levels in the PCOS mouse model. Additionally, the ratio of pro-inflammatory M1 to anti-inflammatory M2 was appropriately adjusted. Variations in donor origin significantly affect the immunomodulatory effects of MSCs. Specifically, adipose-derived MSCs from obese or IR individuals show a markedly reduced ability to downregulate inflammatory factor expression and suppress CD4+ T cell activity. This reduced efficacy may result from intrinsic abnormalities in MSC function related to insulin resistance (173, 174). Currently, stem cell therapy targeting PCOS patients with IR, along with the underlying mechanisms affecting the immune system and stem cell abnormalities, has not progressed to the clinical research phase.




4.3 Links between treatment modalities and immunity

The clinical treatment strategy for IR induced by PCOS is comparable to that for type 2 diabetes. Lifestyle management is the preferred approach. Engaging in appropriate exercise and following a low glycemic index (LGI) diet can reduce waist circumference, total testosterone, low-density lipoprotein (LDL), fasting insulin, LDL cholesterol, triglycerides, and total cholesterol (175). The LGI diet decreases levels of growth hormone-releasing peptide while increasing glucagon levels. Physical activity and vigorous aerobic exercise enhance insulin sensitivity and androgen levels in patients with PCOS. Excessive fatty acid consumption and stabilization of hormone levels can effectively alleviate immune dysregulation in patients with PCOS. Lifestyle management is now widely promoted globally. Medications used as adjunctive treatments can effectively manage long-term complications.

Metformin (Met) is currently the primary therapeutic agent used for insulin sensitization in individuals with PCOS, while glucagon-like peptide-1 receptor agonists (GLP-1 RAs) are commonly employed in the treatment of T2DM. A study by Liao et al. investigated the efficacy of combining GLP-1 RAs and Met in reducing IL-6 and other molecules related to the inflammatory immune response, as evaluated through plasma proteomics (176). Additionally, Met has been shown to affect the levels of 11 cytokines in patients with PCOS, and its therapeutic efficacy is closely linked to androgen levels in these individuals (177).

The selection of pharmacological agents is crucial for improving insulin sensitivity and managing other metabolic disorders in patients with PCOS. As shown in the previous section, a significant association exists between the immune system and IR in patients with PCOS. Therefore, selecting medications that modulate inflammatory cytokine activity or inhibit the recruitment and proliferation of pro-inflammatory immune cells may offer a promising therapeutic strategy for future research.

In addition to medications, the incorporation of supplements may theoretically enhance the hypoglycemic effects of Met (e.g., sage, curcumin, quercetin, inositol, and various herbs) (178). However, aside from potential synergistic or additive effects with Met, no other known herb-drug interactions have been documented (179). Future therapeutic studies should investigate potential interactions between herbs or nutrients and drugs, as well as any immediate or long-term risks associated with these interactions.





5 Immunomarker

The immune system is a crucial system present at birth that continuously undergoes adaptive changes and regulatory functions throughout an organism’s life. Several comorbidities of PCOS are associated with low-grade inflammation, indicating altered immune function (180). Significant alterations in cytokine levels, including TNF-α, IL-6, IL-17, IL-18, and ultrasensitive C-reactive protein (CRP), have been observed in the peripheral blood of PCOS patients. These changes may result from an increased proportion of abnormal immune cells, such as pro-inflammatory M1 macrophages, CD4+ T cells, NK cells, and neutrophils (181–183). This aberrant manifestation is present in specific tissues of PCOS patients, including adipose tissue, the endometrium, and certain ovarian cells (180). Consequently, inflammatory molecules have been defined as biomarkers of PCOS. Among the PCOS phenotypes discussed in this article, levels of CRP, TNF-α, and IL-6 correlate with IR, body weight, and adiposity in PCOS patients (184). TNF-α is found in the subcutaneous adipose tissue of PCOS patients, where it accumulates with macrophages, differentiates, and increases in density along the CLSS (185). Conversely, IL-6 functions as a signal transducer and transcriptional activator in the inflammatory response to IR, regulating various target genes, including IRS, AP-1, and NF-κB, to promote systemic and local inflammatory responses. However, large clinical cohort studies correlating multiple inflammatory cytokines with IR incidence and severity in PCOS patients are still needed to statistically correlate cytokines with IR incidence and severity before further interpretation of the potential of cytokines as immune markers for IR can be made.

Abnormal proportions of immune cells may serve as biological markers for the detection of PCOS. Currently, the proportions of T-cells, CD4+ T-cells, and NK-cells are recognized as independent risk factors for the development of PCOS (181). Although the mechanism of B-cells remains incompletely understood, studies indicate that the number of B-cells inclined to differentiate into plasma cells is elevated in the peripheral blood of PCOS patients (186). This differentiation tendency is characterized by the presence of CD19+. Furthermore, administering an anti-CD19 antibody in PCOS mouse models has been shown to reduce serum TNF-α levels and macrophage infiltration in adipose tissue (187). This finding not only suggests the potential for B-cell intervention in PCOS treatment but also indicates that flow cytometry analysis of peripheral blood cells may serve as an early immunodiagnostic marker for the disease. Immunodiagnosis during the pre-morbid phase of PCOS lacks substantial research support. However, surface leukocytes, the most prevalent type of immune cells, have been examined in this population during this timeframe. Investigating the clustering of differentiation antigens among immune cells during this period, as well as analyzing cytokine levels in various tissues of patients with different subclinical phenotypes, could yield more credible clinical evidence for early immune markers in PCOS patients.




6 Outlook

In recent decades, significant progress has been made in identifying the causative factors of PCOS and clarifying its clinical symptom clusters; however, substantial gaps remain in our understanding of its biological mechanisms. Although IR is just one of the many clinical symptoms of PCOS, its long-term effects on the body are complex, including an increased risk of T2DM and cardiovascular disease. Various clinical interventions have been employed to manage PCOS and its related complications; however, without understanding the underlying causes of the disease, early intervention and delaying the onset of complications are not feasible. The immune system plays a crucial role in the pathogenesis of PCOS, characterized by its widespread distribution, diverse functions, and complex regulatory mechanisms. Investigating the detailed mechanisms of immune system actions is essential for tracing the origins and developing treatments for PCOS.

The prevalence of obesity in PCOS patients is 50-80% (188, 189). Mendelian randomization studies indicate a causal link between high BMI and PCOS risk, suggesting severe PCOS may increase BMI (190). Ethnicity, geography, and diet significantly affect the proportion of PCOS patients with high BMI globally. While the immunologic connection between high BMI, IR, and PCOS is well-studied, more research is needed on IR mechanisms in individuals with normal BMI.

Current research on the immune system in patients with PCOS primarily examines the distribution and abundance of immune cells and molecules. This includes the recruitment of pro-inflammatory M1 macrophages in peripheral blood and follicular fluid, alterations in the T1/T2 cell ratio, and an increase in B cells. Subsequently, the specific surface antigens of these immune cells are identified, and appropriate antibody therapies are administered. This approach aims to manage the progression of the inflammatory state, alleviate patient symptoms, and address the challenges associated with irregular and incomplete medication regimens. In addition to pharmacological treatment, standardizing lifestyle habits in PCOS patients can help reduce the risk and progression rate of the disease, particularly in those who are obese. Healthy dietary practices, regular exercise, and adequate sleep are effective strategies for reducing inflammatory factors in patients and modulating the distribution of immune cells. In recent years, there has been a surge in clinical trials investigating the effects of plant-derived products on PCOS. Natural compounds can antagonize certain pro-inflammatory cytokines and participate in the post-receptor signaling pathways of immune factors. They also enhance tissue cell sensitivity to insulin by influencing related molecules, including GLUT4 and IRS. Therefore, future investigations should focus on natural components to evaluate the purification effects of active ingredients responsible for the beneficial effects of these plants. Additionally, combining these with existing drugs could lead to the development of more effective formulations for hormone regulation and insulin enhancement in PCOS.

GMAS has identified over 20 genetic loci associated with PCOS; however, correlating these loci with the existing pathological mechanisms of PCOS remains a significant challenge. PCOS, an umbrella term for a group of clinical syndromes, shares common disease targets with T2DM, nonalcoholic fatty liver disease, and obesity (191). This overlap suggests potential mechanisms involving compensatory hyperinsulinemia, insulin resistance, systemic inflammation, cardiovascular disease, and pregnancy complications in PCOS patients. This suggests underlying mechanisms related to compensatory hyperinsulinemia, insulin resistance, T2DM, systemic inflammation, cardiovascular disease, and pregnancy complications in PCOS patients. Therefore, immunological studies of PCOS should extend beyond the female reproductive system to encompass metabolic changes throughout the body. This broader approach may uncover complex cellular interactions that facilitate the identification of biomarkers for predictive and targeted therapies, as well as improve predictions of therapeutic responses.




7 Conclusion

PCOS, as a group of metabolic disorder syndromes with diverse and heterogeneous symptoms, has received widespread attention due to its sudden increase in prevalence in the general population. Imbalances in the immune system could potentially contribute significantly to the diverse symptoms of PCOS. This paper examined IR in PCOS, along with its related cellular and molecular mechanisms (Figure 4). Immune cells interact with immune molecules, triggering diverse signaling pathways in the body including NF-κB, JNK, and PI3K/AKT. This interaction influences cellular sensitivity to insulin and glucose transport efficiency by enhancing the transcription of inflammatory genes. Thus, assessing the expression of immune molecules and the ratio of immune cells in PCOS patients is crucial for evaluating their inflammatory status and preventing potential long-term complications symptomatically. Nonetheless, numerous immune-related molecules in PCOS patients have unidentified functions in insulin resistance, exhibiting intricate and diverse roles in pathways, as well as diverse functions of immune cells. Additional research is required to clarify the molecular biological mechanisms of the immune system in PCOS-related symptoms and to gradually integrate these findings into clinical practice. This integration aims to enhance the long-term prognosis and outcomes for patients, offering novel therapeutic approaches.

[image: Diagram comparing normal and PCOS conditions in immune response and glucose metabolism. The normal section shows M2 macrophage involvement with anti-inflammatory balance. The PCOS section depicts M1 macrophage activity shifting towards pro-inflammation. The insulin resistance pathway highlights reduced glucose influx via GLUT4, with increased IL-6, TNF-alpha, and IL-18 leading to inflammation gene expression through TLR4 and associated signaling pathways.]
Figure 4 | Relationship between immunity and insulin resistance: Immune cells secrete different cytokines in different states, and IL-6 affects the function of IRS-1 by regulating the expression of SOCS-3 in insulin receptor-containing cells. Meanwhile, TNF-α regulates the transcription of inflammatory genes through JNK and NF-kB signaling pathways. Excessive SFA in the body affects the nuclear translocation of NF-kB and inhibits IRS-1-related functions via IKKB.IL-18 has been shown to have an effect on the development of insulin resistance, but the exact pathway of action is unknown. All of these factors contribute to the blockade of insulin action and glucose glucose transport, resulting in IR. IL, interleukin; IRS, insulin receptor substrate; SOCS, suppressor of cytokine signaling; GLUT, glucose transporter protein.
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Objective

This study was conducted to determine the influence of the number of CD138+ cells in the proliferative endometrium on pregnancy outcomes.





Methods

This retrospective cohort study was conducted from January to August 2018. A total of 664 infertile women who were not diagnosed with chronic endometritis (CE) and who had not received the respective antibiotic treatment were studied. Immunostaining was performed for the plasmacyte marker CD138. The number of CD138+ cells was compared in the proliferative and mid-luteal phases of the same patients without antibiotic therapy. Infertile patients were separated into three groups based on the number of positive lesions [the number of high power fields (HPFs) containing no less than five CD138+ cells]: 0 (n = 474), 1-2 (n = 125), and ≥3 positive lesions (n = 104). The pregnancy outcomes of the infertile women undergoing in vitro fertilization-embryo transfer (IVF-ET) among the three groups were then compared.





Results

There was a much higher level of CD138+ cells during proliferation than during the mid-luteal phase (P <0.0001). Pregnancy outcomes did not differ between the groups with 0 and 1-2 positive lesions. However, the ≥3 positive lesions group (P =0.006, P =0.029) had significantly lower ongoing pregnancy and live birth rates compared with the no positive lesion group. Although the 0 and ≥3 positive lesions groups showed a trend toward higher rates of clinical pregnancy (P =0.132), these differences failed to reach statistical significance. After age, body mass index (BMI), and clinical features were adjusted for, the ≥3 positive lesions group showed significantly lower live birth rates (aOR, 1.84; 95%CI, 1.08-3.15; P =0.026), clinical pregnancy (adjusted odds ratio (aOR), 1.78; 95% CI, 1.06-2.95; P =0.028), and ongoing pregnancy (aOR, 1.85; 95% CI, 1.09-3.15; P =0.024). The analysis demonstrated that the smallest number of stromal CD138+ cells suggestive of CE patients requiring treatment was defined as ≥ 3 positive lesions during the proliferation.





Conclusions

Different diagnostic criteria for CE should be created for the proliferative and mid-luteal phases. The analysis demonstrated that the smallest number of stromal CD138+ cells suggestive of CE patients was defined as ≥ 3 positive lesions during the proliferative phase.





Keywords: infertile women, IVF-ET, CE, CD138, pregnancy outcome, proliferative phase, midluteal phases





Introduction

Infertility, defined as the failure to achieve a pregnancy after 12 months or more of regular unprotected sexual intercourse, is a global reproductive health issue. Despite the rapid development of in-vitro fertilization and embryo transfer (IVF-ET) technology in recent years, the clinical pregnancy rate remains approximately 40%. Even if high-quality embryos are transferred, some patients still cannot successfully conceive. Research has found that approximately two-thirds of implantation failures are due to abnormal endometrial receptivity (1, 2). Multiple clinical studies have shown that chronic endometritis (CE) has become an important cause of pregnancy failure (3). Our previous study also showed that CE can significantly reduce the clinical pregnancy rate and live birth rate of infertile patients (4).

CE refers to a disease of continuous endometrial inflammation (5, 6) which primarily results from an infection with Streptococcus spp., Enterococcus faecalis., Staphylococcus spp. and other pathogenic microorganisms (7–9). It is normally clinically asymptomatic or shows non-specific symptoms, and only features the infiltration of numerous endometrial stromal plasma cells (10). CE has a prevalence of 2.8%-56.8% among infertile women (5, 11–13). Previous data revealed that 5.3% (14), 10.4% (45/433), and 10.5% (29/275) of infertile, recurrent miscarriage and repeated implantation failure patients reported CE, respectively, according to the results of immunohistochemical detection of the endometrial cluster of differentiation 138 (CD138) (syndecan-1) (15). Nevertheless, no definitive diagnostic criteria have been established for CE, although experts agree that the presence of multiple CD138+ cells is the most specific and sensitive finding.

CD138, a cell membrane proteoglycan, serves as a matrix receptor and is mainly expressed on the surface of mature plasma and epithelial cells (16). Recommended as an immunohistochemical tissue marker specific for plasmacytes in humans, it has been used clinically for evaluating and characterizing plasma cells (17, 18). The number of CD138+ cells varies through the menstrual cycle of normal women (19). Lai et al. (20) reported that the expression of CD138 was downregulated in the endometrium stroma after ovulation and remained low throughout the luteal phase. This is consistent with a previous report that normal endometria in the mid-luteal phase usually showed negative or few CD138 staining (16). Given the fluctuating amount of CD138+ cells during different stages of the menstrual cycle, the diagnostic criteria for CE based on the amount of CD138+ cells may need to be adjusted following the phase of endometrial sampling.

In a previous study, the authors examined the link between the number of endometrial stromal CD138+ cells and infertile women’s pregnancy outcomes to offer CE diagnostic criteria of clinical relevance during the mid-luteal phase (4). The expression of no less than five CD138 + cells in one high power field (HPF) was shown to possibly affect the pregnancy outcomes of infertile patients. Based on this finding, the smallest number of stromal plasma cells suggestive of clinically related CE was suggested to be five CD138+ cells in no less than one out of 30 chosen HPFs (4). However, whether the samples collected during the proliferative phase require more CD138+ plasma cells to affect pregnancy outcomes remains uncertain.

Therefore, whether the amount of CD138+ plasma cells in the endometrial stroma was different between the proliferative and mid-luteal phases was analyzed in the present study. Additionally, the number of CD138+ cells in the endometrium suggestive of clinically treatable CE in the proliferative phase was defined.





Materials and methods

This retrospective study was approved by the Ethics Committee of Shenzhen Zhongshan Obstetrics and Gynecology Hospital (SZZSECHU-F-2025001). Each endometrial biopsy was gathered with the written informed consent of the individual participants who allowed their endometrial tissues to be scientifically studied.




Study population

A retrospective analysis was conducted on infertile women who underwent IVF/intracytoplasmic sperm injection (ICSI) treatment at Shenzhen Zhongshan Obstetrics and Gynecology Hospital between January and August 2018. Infertile women who underwent IVF/ICSI treatment who had undergone a previous hysteroscopy were included in this study. The flowchart is presented in Figure 1. Infertile patients aged below 45 were included. The exclusion criteria were as follows: patients diagnosed with CE via hysteroscopy and receiving antibiotic treatment; patients who were not receiving IVF-ET treatment within 6 months after endometrial scratching or those without being followed up. Eventually, 664 infertile patients were enrolled. Each patient was included only once in the study.

[image: Flowchart showing the selection process of infertile patients who underwent hysteroscopy. Out of 1,273 patients, 33 were excluded due to age 45 or older, and 327 lacked endometrial sampling, leaving 914 meeting inclusion criteria. Further exclusions included 143 with CE treated with antibiotics, 104 who did not receive IVF-ET within six months, and three lost to follow-up, resulting in 664 patients enrolled.]
Figure 1 | Flow chart of patient inclusion. A total of 1,273 infertile patients who underwent endometrial scraping between January and August 2018 were retrospectively analyzed in this study. Based on the inclusion and exclusion criteria, a total of 664 infertile patients were included in the study.

In addition, 57 enrolled patients participated in a clinical study that aimed at evaluating the effect of endometrial scratching during the mid-luteal phase on pregnancy outcomes. Their endometrial tissues were retained after obtaining informed consent. After the exclusion of patients with a time interval between two samplings exceeding 6 months and with antibiotic therapy detected from the proliferative and mid-luteal phases, 32 patients were recruited to compare the number of endometrial CD138+ cells in 30 HPFs between both phases (Figure 2).

[image: Flowchart and graph of a study on endometrial samples. Panel A shows a flowchart: 57 samples collected, 48 eligible for CD138 detection, and 32 recruited. Outcomes are divided into categories based on CD138+ plasma cell levels in different phases. Panel B displays a scatter plot comparing CD138+ plasma cells in proliferative versus mid-secretory phases, showing a significant decrease in the latter, indicated by p-value.]
Figure 2 | The number of CD138+ plasma cells in the proliferative and mid-luteal phase in the same patients without antibiotic therapy. (A) 57 infertile patients underwent hysteroscopy during the proliferative phase and endometrial scratching during the mid-luteal phase. (B) The number of CD138+ plasma cells in the proliferative and mid-luteal phase in the same patients ***P<0.001.





Endometrial biopsies

Hysteroscopy was performed on days 3-5 after menstruation for each participant in the preceding cycle before the prearranged treatment of IVF. CE by hysteroscopy was diagnosed by the presence of focal or diffuse endometrial hyperemia, stroma edema, and polyps with a size of less than 1 mm. Endometrial biopsies were taken by curette and then fixated for 4-6 hours in 10% neutral buffered formalin at ambient temperature. A paraffin embedding procedure was performed on all the endometrial tissues from the patients for subsequent research.





Immunohistochemistry staining

The paraffin-embedded endometrial biopsy tissue was sliced into 4 µm sections, followed by deparaffinization in xylene and dehydration in alcohol. Immunohistochemistry (IHC) staining was conducted using a Leica Bond III automated immunostainer (Leica Biosystems, Welzlar, Germany) and Bond Polymer Refine Detection (DS9800, Leica Microsystems, Welzlar, Germany) following the protocol of the manufacturer. Briefly, the slides underwent 20 minutes of heating at 100°C in an ethylene diamine tetraacetic acid (EDTA) solution for the retrieval of antigens. The activity of endogenous peroxidases was blocked with 3% hydrogen peroxide (H2O2) in methanol for 10 minutes. Next, the sections underwent a 30-minute incubation with CD138 antibody at a dilution of 1:250 (Gene Tech, Shanghai, China). After that, the slides were rinsed and incubated for 30 mins with a secondary antibody conjugated with horseradish peroxidases. Immunostaining was performed by staining and counter-staining with 3, 3’-diaminobenzidine chromogen (DAB) and hematoxylin, respectively. Tissue-Tek Film Automated Coverslippers (Sakura Finetek, CA, USA) were utilized for cover-slipping the stained slides.





Identification and count of CD138+ plasma cells

To diagnose CE, the sum of plasma cells was obtained by calculating the number of CD138+ cells in the endometrial stroma under an optical microscope (Nikon Microscope, Melville, New York) in 30 randomly chosen HPFs (200× magnification, 0.0625 mm2/fields).

Plasma cells were considered CD138+ cells when the cell membranes were strongly immunopositive, the cytoplasm demonstrated poor positive immunostaining, and the round nucleus was located on one side of cells, within which the condensed chromatin was organized in a radial way along the nuclear membrane to obtain a wheel pattern.

CD138+ cells were identified and counted by two experienced pathologists independently. Any disagreement between them was solved via discussions or a group discussion with a senior pathologist.





IVF-ET outcome measurement

The primary outcome was live birth rate after one cycle of FET. Live birth was defined as the delivery of at least one newborn after 24 weeks of gestation exhibiting any sign of life (twins were a single count). Secondary outcomes were biochemical pregnancy rate, clinical pregnancy rate, and early miscarriage rate. Medically, a biochemical pregnancy means that an identifiable pregnancy is absent in an ultrasound examination although a pregnancy test of urine or blood hCG is positive. Biochemical pregnancy refers to a level of hCG > 5 on two occasions within 15 days or greater after the injection of hCG. Clinical pregnancy meant that a gestational sac was present sonographically at 7 to 8 weeks of gestation. An early miscarriage, or a first trimester miscarriage, is one that happens in the first 12 weeks of pregnancy.





Statistical analysis

Data were expressed as mean ± standard deviation (SD) (data following a normal distribution), medians with interquartile ranges (data not following a normal distribution), and frequencies (percentages) for categorical variables. Multiple comparisons were performed using one-way analysis of variance (ANOVA) or the Kruskal–Wallis test for continuous variables and the Chi-square test for categorical variables.

The prognostic importance of CD138+ cells for patients’ pregnancy outcomes was identified using multivariable logistic regression models. Odds ratios (ORs) and adjusted ORs (aORs), their respective 95% confidence intervals (95% CIs) for the positive rate of HCG, and clinical pregnancy and live birth rates, were computed by less than 3 and 3 or more positive lesions.

Statistical Package for the Social Sciences (SPSS) Statistics version 20.0 (SPSS Inc., Chicago, Illinois (IL), USA) was adopted to perform all statistical analyses. It was considered that the P-value of ≤ 0.05 showed statistical significance.






Results




The number of CD138+ plasma cells during the proliferative and mid-luteal phases in the same patients without antibiotic therapy

The endometria of 57 infertile enrolled patients [mean (SD) age: 34.4(4.3) years] who underwent hysteroscopy during the proliferative phase were also scratched during the mid-luteal phase. Among them, nine patients failed to meet the criteria and were excluded. The number of CD138+ cells in 30 HPFs during the proliferative and mid-luteal phases of 48 patients who did not receive antibiotic therapy was assessed. After the exclusion of 16 patients whose endometria had no CD138+ cells in both the proliferative and mid-luteal phases, there was a significantly higher level of CD138+ cells in the proliferative phase than in the mid-luteal phase (P <0.0001, Figure 2B). In detail, the number of CD138+ cells were higher in the proliferative phase than in the mid-luteal phase among 26 patients. However, one patient presented the same amount of CD138+ cells during both the proliferative and mid-luteal phases, and five showed a lower number of CD138+ cells in the proliferative phase than in the mid-luteal one (Figure 2A).





Clinical characteristics of infertile patients

To determine the connection between the number of CD138+ cells during the proliferative phase and the pregnancy outcomes of infertile women, 664 infertile women were enrolled in this retrospective study from January to August 2018 (Figure 1). We conducted an analysis of the number of patients exhibiting varying numbers of positive lesions (Supplementary Table 1) and observed a significantly smaller proportion of patients with ≥3 positive lesions compared to those with 0 or 1-2 positive lesions. Therefore, we choose three as the threshold. Infertile patients were classified into three groups according to the distribution of stromal CD138+ cells and the number of positive lesions (the number of HPFs containing no less than five CD138+ cells): 0 (n=453), 1-2 (n=113), and ≥ 3 (n=98) positive lesions. Table 1 describes the clinical features of the included participants from different groups.

Table 1 | Baseline characteristics of the study participants.


[image: A table comparing baseline characteristics among groups with no positive lesions, one to two positive lesions, and three or more positive lesions. Categories include woman's age, BMI, infertility duration, type and cause of infertility, AMH levels, number of transferred embryos, embryo quality, type and transfer method, and fertilization methods. Data is presented as medians or percentages, with significance evaluated using P-values. A note indicates a statistically significant difference (*P<0.05) between some groups.]
The number of transferred embryos and embryo type varied among these groups. Women with no positive lesions had a higher number of embryos transferred and less blastocysts transferred than those with 1-2 positive lesions.





Reproductive failure caused by ≥3 positive lesions of infertile women in the proliferative phase

The relationship between the density of endometrial CD138+ cells during the proliferative phase and the pregnancy outcomes of infertile patients was assessed. As shown in Table 2 and Supplementary Figure 1, the analysis indicated that pregnancy outcomes did not differ between the 0 and 1-2 positive lesions groups. Nevertheless, the ≥3 positive lesions group (31.96% vs.46.00% or 48.21%, P =0.027; 45.92% vs. 58.28% or 63.72%, P =0.026; 32.99% vs. 48.22% or 49.11%, P = 0.019) showed a marked decline in live birth, clinical pregnancy, and ongoing pregnancy rates compared with the 0 and 1-2 positive lesions groups. The rate of biochemical pregnancy and early miscarriage showed no significant difference between the 0 or 1-2 groups and the ≥ 3 positive lesions group.

Table 2 | The pregnancy outcomes in different groups.


[image: Table comparing pregnancy outcomes for groups with no positive lesions, one to two positive lesions, and three or more positive lesions. Live birth rates, biochemical pregnancy rates, clinical pregnancy rates, ectopic gestations, ongoing pregnancy rates, and early miscarriage rates are displayed with percentages and counts. P-values indicate statistical significance, with notable differences marked by asterisks.]
Based on the above findings, it was assumed that ≥ 3 positive lesions might influence pregnancy outcomes. As a result, the patients were re-grouped into ≥3 (n = 566) and < 3 positive lesions (n = 98). Subsequently, the results of pregnancy outcomes were compared between the <3 and ≥3 positive lesions groups. The data shown in Supplementary Table 2 suggested that live birth, clinical pregnancy, and ongoing pregnancy rates in the ≥3 positive lesions group tended to decrease significantly (31.96% vs. 46.44%, P =0.005; 45.92% vs. 59.36%, P =0.013; 32.99% vs. 48.40%, P =0.005).





Logistic regression analysis of the effect of ≥3 CD138+ plasma cell-positive lesions in the proliferation phase on pregnancy outcomes

Whether ≥3 CD138+ plasma cell-positive lesions was an independent risk factor for pregnancy outcomes was further demonstrated using a multivariate logistic regression analysis. The analysis showed that having ≥3 positive lesions was negatively correlated with pregnancy outcomes, as displayed in Table 3. Confounding factors such as the age and body mass index (BMI) of the woman, endometrial polyps, anti-Müllerian hormone (AMH), infertility duration and type, embryo characteristics (the number of transferred embryos, embryo quality, embryo type, and embryo transfer), and fertilization methods were adjusted for. After the adjustment for the age and BMI of the woman, the ≥3 positive lesions group exhibited a dramatic decline in live birth rates (aOR, 1.838; 95% CI, 1.074-3.145; P =0.026), clinical pregnancy (aOR, 1.771; 95% CI, 1.063–2.950; P = 0.028), and ongoing pregnancy (aOR 1.849; 95% CI, 1.086-3.150; P =0.024) compared with the <3 positive lesions group. However, the difference in the rate of biochemical pregnancy was not significant. In summary, the findings revealed that having ≥3 positive lesions was an independent risk factor influencing infertile patients’ pregnancy outcomes.

Table 3 | Logistic regression analysis of the effect of CE on pregnancy outcomes.


[image: Table showing outcomes of live birth, biochemical pregnancy, clinical pregnancy, and ongoing pregnancy with their odds ratios and p-values. Live birth has OR of 1.816 (p=0.011), aOR of 1.838 (p=0.026); biochemical pregnancy OR is 1.434 (p=0.110), aOR of 1.286 (p=0.350); clinical pregnancy OR is 1.681 (p=0.019), aOR of 1.771 (p=0.028); ongoing pregnancy OR is 1.873 (p=0.007), aOR of 1.849 (p=0.024). Significance levels are indicated by asterisks.]





Discussion

In this study, it was first found that the level of endometrial CD138+ cells during the proliferative phase was much higher than that in the mid-luteal phase among the same patients. It was further demonstrated that the presence of ≥3 CD138+ plasma cell-positive lesions in the proliferative phase was associated with poor reproductive outcomes in infertile IVF-ET patients compared with the <3 positive lesions group.

Our data demonstrated that CE is a key risk factor for adverse pregnancy outcomes in infertile patients. Therefore, we have shown that endometrial factors are very important for pregnancy outcomes (21, 22). According to the above data, CE patients requiring treatment were defined by whether ≥3 CD138+ plasma cell-positive lesions were present in the endometrial stroma during the proliferative phase. The incidence of CE in infertile women is 5.3% according to the CE diagnostic criteria during the luteal phase (4), while it is 14.78% when following the above diagnostic criteria during the proliferative phase. This observation indicated that the incidence of CE changed during the proliferative and mid-luteal phases.

In this study, endometrial tissues of the same patients were taken in the proliferative and mid-luteal phases within 6 months without administration of antibiotics. It was found that CD138+ cells during the proliferative phase were significantly higher in number than during the mid-luteal phase. The result concurs with previous reports that the count of CD138+ cells can vary in the proliferative and mid-luteal stages of the menstrual period. Inki et al. found that normal endometria in the mid-luteal phase showed negative or few CD138 staining (16). Lai et al. (20) stated that the expression of CD138 in the endometrium stroma was downregulated after ovulation and remained at a low level in the secretory phase. Research by Ryan et al. showed that the number of CD138+ cells during the luteal phase decreased in comparison with that in the proliferative phase (19). These results indicate that a certain number of CD138+ cells are present in the normal physiological state of the uterine stroma during the proliferative phase, which does not indicate a higher degree of inflammation than in the mid-luteal phase.

The extent to which CE requires clinical treatment is unclear because CE patients usually have no or weak clinical symptoms. In this study, the criteria for clinically treatable CE were defined according to the pregnancy outcomes of infertile patients. Specifically, the correlation between the amount of CD138+ cells in the endometrium and the pregnancy outcomes of infertility patients was analyzed to establish the diagnostic criteria for clinically treatable CE in the proliferative phase. One HPF with ≥5 CD138+ cells was defined as one positive lesion. It was discovered that ≥3 endometrial lesions with CD138+ cells resulted in a significant decrease in live birth, clinical pregnancy, and ongoing pregnancy rates in the proliferative phase compared with patients with <3 positive lesions. However, previous research conducted during the mid-luteal phase indicated that β-hCG positivity, clinical pregnancy, and live birth rates exhibited a significant reduction in women with one lesion with no less than five CD138+ cells per HPF (4). These data indicated that more CD138+ cells are required during the proliferative phase to impact the pregnancy outcomes of infertile women compared with samples in the mid-luteal phase. Hence, different diagnostic criteria for CE should be established according to the phase of endometrial sampling.

The difference in CD138+ cells between the proliferative and mid-luteal phases can be attributed to several factors, including hormonal influence, endometrial microbiota, and sampling depth. First, the cell number and function of the maternal immune system are controlled by hormones, and low endometrial B cells exhibit fluctuations dependent on the menstrual period (23). While progesterone essentially exerts immunosuppressive actions, the immune effects of estrogens are concentration- and context-dependent (24). It is known that estrogens and progesterone can modulate the activation of B cells (25, 26) and the generation of plasma cells (27). Estrogens have been observed to promote the proliferation of B cells, which may result in a higher count of CD138+ plasma cells during the proliferative phase. Second, it is reported that the uterus has a resident microbiota including bacteria, viruses, archaea, and fungi (28, 29). Interestingly, the abundance of bacteria, viruses, and archaea shows significant differences between the mid-secretory and proliferative phases, which supports the hypothesis of dependence on the microbiota cycle (29). Therefore, it was speculated that the transformation of microbiota during the menstrual period might affect the number of plasma cells. Third, endometrial thickness in the early proliferative phase is only 5-7 mm but grows to an average of 12-13 mm in the mid-luteal phase, which results in different endometrial sampling depths in the two phases. The proliferative phase has a thinner functional layer than the secretory phase. Thus, biopsies performed during the proliferative phase could obtain more basal layer tissues and plasma cells.

This study has several strengths. First, the number of CD138+ cells in the endometrium during the proliferative and mid-luteal phases without any antibiotic treatment among the same patients was compared for the first time. Second, the minimum number of endometrial CD138+ cells collected during the proliferative phase to identify treatable CE was determined according to infertile patients’ pregnancy outcomes without being treated with antibiotics. Based on this standard, the pregnancy outcomes of infertile patients could return to the same level as that of non-treatable CE after treatment (data not shown), which proves that the standard has certain clinical applicability. Third, it was first proposed that the number of positive lesions can be used to determine whether CE requires treatment.

Some limitations can be found in this study. First, different sampling methods of endometria in the proliferative and mid-luteal phases may lead to differences in tissue acquisition such as sampling depth or location. Second, this is a single-center and retrospective control study. The study subjects’ clinical and demographic data are not complete. Third, the clinical features of the uteruses observed under hysteroscopy were not recorded completely. The association between the uterine symptoms such as congestion, polyps, and, edema, and the number of CD138 cells could not be obtained. Therefore, some missing confounding factors may exert an impact on the research conclusions, which need to be further verified by carefully designed prospective research. Third, the diagnosis of CE was not combined with IHC and hysteroscopic features in this study because the clinical features under hysteroscopy were not specific and obvious.





Conclusions

In conclusion, the findings of this study revealed that the number of endometrial CD138+ cells during the proliferative phase was much higher than during the mid-luteal phase. Therefore, a higher number of CD138+ cells were required during the proliferative phase for treatable CE. Different diagnostic criteria for CE should be created for the proliferative and mid-luteal phases.
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Introduction

Endometriosis (EM) is a widely recognized disorder in gynecological endocrinology. Although hormonal therapies are frequently employed for EM, their side effects and outcome limitations underscore the need to explore the genetic basis and potential drug targets for developing innovative therapeutic approaches. This study aimed to identify both cerebrospinal fluid (CSF) and plasma protein markers as promising therapeutic targets for EM.





Methods

We utilized Mendelian randomization (MR) analysis to explore potential disease-causing proteins, utilizing genetic datasets from genome-wide association studies (GWAS) and protein quantitative trait loci (pQTL) analyses. We applied a range of validation techniques, including reverse causality detection, phenotype scanning, Bayesian co-localization (BC) analysis, and external validations to substantiate our findings. Additionally, we conducted a protein-protein interaction (PPI) network as well as functional enrichment analyses to unveil potential associations among target proteins.





Results

MR analysis revealed that a decrease of one standard deviation (SD) in plasma R-Spondin 3 (RSPO3) level had a protective effect on EM (OR = 1.0029; 95% confidence interval (95% CI): 1.0015–1.0043; P = 3.2567e-05; Bonferroni P < 5.63 × 10−5). BC analysis showed that RSPO3 shared the same genetic variant with EM (coloc.abf-PPH4 = 0.874). External validation further supported this causal association. Galectin-3 (LGALS3; OR = 0.9906; 95% CI: 0.9835–0.9977; P = 0.0101), carboxypeptidase E (CPE; OR = 1.0147; 95% CI: 1.0009–1.0287; P = 0.0366), and alpha-(1,3)-fucosyltransferase 5 (FUT5; OR = 1.0053; 95% CI: 1.0013–1.0093; P = 0.002) were detected as potential targets for EM in CSF. PPI analysis showed that fibronectin (FN1) had the highest combined score. Furthermore, several EM-linked proteins were involved in the glycan degradation pathway.





Discussion

In conclusion, this comprehensive study offers valuable insights into potential drug targets for EM, with RSPO3 emerging as a promising candidate. Additionally, mechanistic roles of FN1, glycan degradation pathway, LGALS3, CPE, and FUT5 in EM warrant further investigation.





Keywords: endometriosis, Mendelian randomization, drug target, PPI network, enrichment analysis





Highlights

Endometriosis (EM) is a widely recognized disorder in the field of gynecological endocrinology. Hormonal therapies have potential side effects. Our Mendelian randomization analysis suggests that inherent levels of circulating RSPO3 may be causally associated with EM risks. Protein targets identified through our analysis may have promising applications as potential drug targets in EM. CSF galectin-3 may serve as a pain relief target in patients with EM. Further studies are warranted to uncover the precise role of these candidate proteins in EM.





Introduction

Endometriosis (EM) is a widely recognized disorder in the field of gynecological endocrinology. It is pathologically characterized by the abnormal growth of endometrial tissue in the outer regions of the uterus (1), resulting in chronic severe pelvic pain (2), and pregnancy-associated complications in 5-10% of reproductively active females (3). EM can also lead to infertility in some patients. Types of pelvic pain symptoms in EM-affected women include dysmenorrhea, non-menstrual pelvic pain, dyspareunia, pain at ovulation, dysuria, and dyschezia (4).

EM imposes a significant burden on public health due to its impact on various aspects of women’s lives. EM can negatively affect health-associated quality of life and work productivity, irrespective of the nationality and ethnicity of patients (5). EM increases the risk of other comorbid conditions, especially chronic diseases such as cardiovascular diseases, autoimmune diseases, and cancers (6). The delay in diagnosing EM in the primary healthcare setting further exacerbates the risks of death in these patients (5). Guidelines for early diagnosis and precision treatments can improve the rate of EM-associated death in female patients (6). Often, EM patients suffer from various behavioral disorders, including depression, anxiety, and emotional stress (4), which can significantly compromise their social interactions, sexual lives, and mental health, further contributing to the overall social burden on an individual (4). The economic burden of EM management is also noteworthy and may be comparable to treatment costs of other chronic conditions such as diabetes mellitus, Crohn’s disease, and rheumatoid arthritis (7). The direct costs of EM diagnosis, treatment, and management, combined with a range of indirect costs like lost productivity and reduced work capacity, can contribute to the overall economic and social burden of the patient (8).

Medical treatments for EM typically include a combination of hormonal and surgical interventions. Hormone therapy suppresses the growth and activity of abnormally grown endometrial tissues, while surgery focuses on the removal or excision of endometrial implants and adhesions. Hormonal therapy, as the first-line treatment for EM, can restore the estrogen level, thereby inhibiting the abnormal growth of the endometrium and alleviating associated symptoms. Commonly used hormone therapy medications are oral contraceptives, gonadotropin-releasing hormone (GnRH) agonists, progestins, and aromatase antagonists (9). These medications can help reduce pelvic pain, dysmenorrhea, and other EM symptoms. However, these therapeutics induce certain serious side effects, such as obesity, mood disorders, and irregular menstrual bleeding syndromes. Notably, long-term administration of hormonal medications, such as GnRH agonists, can lead to osteopenia and may not fully alleviate EM symptoms (10–12). Instead, symptoms can recur after discontinuation of hormonal therapeutics.

Current medical treatment options for EM primarily involve hormonal therapies, such as oral contraceptives and progestins (10–13), which often have many side effects; thus, non-hormone medicines are worth noting. Therefore, there is an urgency for developing alternative, possibly non-hormonal treatments, to improve the EM treatment outcomes. For example, alternative and complementary medicines with anti-angiogenic properties may be effective in treating EM (14). Also, modulation of the steroid hormone signaling via DNA hydroxymethylation in EM suggests a potential avenue for non-hormonal treatment strategies (15). However, further investigation is needed to assess the safety and efficacy of these alternative therapeutics.

Using Mendelian randomization (MR), researchers can assess genetic variations in functionally characterized genes to examine the causal relationship between modifiable exposures and their outcomes. MR significantly reduces the impact of confounding factors such as reverse causation in epidemiologic observational studies (16). Recently, MR analysis has been widely utilized for drug target identification and repurposing strategies (17). Advances in high-throughput genomics and proteomics in analyzing cerebrospinal fluid (CSF) and plasma have facilitated the identification of promising therapeutic targets for many diseases (18–21). However, to date, only a limited number of studies have explored the integration of MR with genome-wide association study (GWAS) and protein quantitative trait loci (pQTL) in the context of EM. Although the EM pathogenesis may not be induced by an altered CSF proteomic profile, analysis of the CSF proteomic profile could offer critical clues to the pain symptoms of EM patients. Here, we sought to identify both CSF and plasma protein markers as promising therapeutic targets for EM.





Materials and methods




Study design

The study was based on publicly available data from previous studies. Overall study design is shown in Figure 1. First, a two-sample MR analysis was conducted to estimate the causal effects of plasma and CSF proteins on EM, where we derived 154 CSF cis-pQTLs for 154 proteins and 738 plasma cis-pQTLs for 734 proteins from studies by Zheng et al. (22) and Yang et al. (23) and obtained genetic associations of EM from the MRC-IEU with 462,933 of European ancestry in the UK Biobank (24). Only cis-pQTLs were utilized as instruments due to their direct involvement in the transcriptional or translational processes of protein-coding genes. Second, the primary findings were validated by reverse causality (RC) detection, Bayesian co-localization (BC) analysis, and phenotype scanning. Third, using GWAS data and pQTL from other studies (25, 26), we repeated this analysis for external validation to establish our observations. Fourth, we constructed a protein-protein interaction (PPI) network of plasma and CSF proteins as well as between the protein factors and drug targets of EM medications. Lastly, we performed functional enrichment analyses for the identified proteins. The methods and study participant details were outlined below. Our study followed the guidelines of the Strengthening the Reporting of Observational Studies in Epidemiology using Mendelian Randomization (STROBE-MR) (27).
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Figure 1 | Study design for identification of plasma and CSF proteins causally associated with EM. CSF, cerebrospinal fluid; EM, endometriosis.





Data sources and pQTL selection




Plasma pQTL and CSF

Plasma and CSF pQTL data were respectively retrieved and obtained from studies by Zheng et al. (22) and Yang et al. (23). These two studies analyzed integrated data from five other GWAS (28–32). Based on the inclusion criteria, pQTLs: (i) with genome-wide significant association (P<5 × 10−8); (ii) locating outside the major histocompatibility complex (MHC) genomic locus on chr6; (iii) exhibiting independent association [linkage disequilibrium (LD)-clumping with r2< 0.001]; and (iv) with cis-acting functionality, were selected for further analyses. The analysis revealed 154 CSF cis-pQTLs for 154 proteins and 738 plasma cis-pQTLs for 734 proteins (Supplementary Table S1).

Furthermore, the plasma pQTL data retrieved from large cohort studies by Ferkingstad et al. (26) and Pietzner et al. (33), were utilized for external validations.






GWAS summary statistics of EM

We exploited publicly available GWAS summary datasets for non-cancer illness code (self-reported) - endometriosis from MRC-IEU (total n = 462933; case =3809, control = 459124) of European ancestry in the UK Biobank (24). Summary statistics from the FinnGen cohort (R9 release, total n = 77257; case =8288, control = 68969) (34), UK Biobank (total n = 361194; case =1496, control = 359698) (24), and Sakaue et al. (total n = 231771; case =4511, control = 227260) (25) were used for the external validation.





Statistical analyses




MR analysis

We conducted MR analysis of the plasma/CSF proteins as the exposure and EM as the outcome using ‘TwoSampleMR’ (https://github.com/MRCIEU/TwoSampleMR). For a condition where only one pQTL was assigned to a given protein, the Wald ratio was calculated. While for >2 genetic instruments, inverse variance-weighted MR (MR-IVW) and heterogeneity analysis were applied (35). For increased risks of EM, an odds ratio (OR) was determined per 10-fold increase in CSF protein levels or standard deviation (SD) increment in plasma protein levels. The OR for plasma and CSF proteins were defined differently because the data were derived from distinct studies published by Zheng et al. (22) and Yang et al. (23), respectively.

Bonferroni correction was applied in primary analysis to adjust for multiple comparisons, with a threshold P-value < 5.63 × 10−5. In a same-variant strategy, the same single nucleotide polymorphism (SNP) found in the primary analysis was used as the genetic instrument (Supplementary Table S2); for the significant-variant strategy, genome-wide significant SNPs were used as genetic instruments to validate preliminary observations. P values in the range from 5.63 × 10−5 to 0.05 suggested significant associations. Only initially screened protein factors were included in MR analysis for external validation. The threshold value used for the external validation was P < 0.05.






RC detection

To detect potential RC, genetic instruments for EM were selected in a similar strategy to pQTL selection from GWAS datasets (UK Biobank) for bidirectional MR analysis (Supplementary Table S3) (36). Complete summary statistics can be found elsewhere (29). The effect was estimated by MR-Egger, MR-IVW, simple and weighted mode, and weighted median. Steiger filtering ensured the directionality of the protein-EM association (37). A P < 0.05 indicated statistical significance.





BC analysis

BC assesses the probability of sharing the same causal variant by two traits using the ‘coloc’ package (https://github.com/chr1swallace/coloc). BC determines the posterior probability of hypotheses (PPH) of sharing a single variant between two traits (32). Here, we tested the third PPH (PPH3), stating that both the protein and EM could be associated with regions of different variants, and PPH4, stating that the associated regions could be of shared variants, using the coloc.susie and coloc.and algorithms. We defined a gene as having evidence of co-localization if PPH4>80% in at least one algorithm (35, 38).





Phenotype scanning

The phenotype scanning was carried out by searching previous GWAS via ‘phenoscanner’ to reveal the association of an identified pQTL with other traits (39). A pleiotropic SNP was considered to possess: (i) a significant genome-wide association (P < 5 × 10−8); (ii) a relationship with European descendants in GWAS; and (iii) associations with any known etiological risk factors, including protein, metabolic and clinical traits, of EM. Additionally, the LD r2 among pQTLs of prioritized proteins revealed their potential linkages with EM pathogenesis.





Comparison analysis and PPI network

Considering the blood-brain barrier (BBB), we speculated that there might be minimal correlations between plasma- and CSF-originated pQTLs. Therefore, the correlation between the shared pQTLs was assessed by Spearman correlation, and different P-value thresholds were tested to determine the strength of this correlation.

The PPI network analysis (STRING v12; https://string-db.org/; minimum interaction score = 0.4) was used to detect any associations between EM-linked plasma and CSF proteins. Furthermore, we explored possible interactions between EM-associated genes and drug targets (Drugbank; https://www.drugbank.ca), revealing 23 disease-modifying drugs for EM (40).





Functional enrichment analyses

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed to explore the funcitons and pathways of potential pathogenic proteins related to EM pathology.





Data availability

GWAS summary statistics for cis-pQTL can be found in original studies (23, 26, 28–32), and that for EM can be retrieved from https://gwas.mrcieu.ac.uk/datasets/. Access to the FinnGen (R9) is available at https://www.finngen.fi/en/access_results.






Results




Proteomic analysis of EM-linked proteins

The MR analysis showed that only one plasma protein R-Spondin 3 (RSPO3) was causally associated with EM (OR = 1.0029; 95% CI: 1.0015–1.0043; P = 3.2567 × 10−5) at Bonferroni significance (P < 5.63 × 10−5) (Table 1; Figures 2A, C). MR analysis revealed significantly connected 26 protein-EM pairs in the plasma, and 3 protein-EM pairs in the CSF (P < 0.05) (Table 1; Figures 2B, D). Among 29 protein-EM pairs, galectin-3 (LGALS3) appeared in both plasma and CSF (OR = 1.0011; 95% CI: 1.0003–1.0019; P = 0.0101, and OR = 0.9906; 95% CI: 0.9835–0.9977; P = 0.0101, respectively); carboxypeptidase E (CPE) and alpha-(1,3)-fucosyltransferase 5 (FUT5) were found in the CSF (OR = 1.0147; 95% CI: 1.0009–1.0287; P = 0.0366, and OR = 1.0053; 95% CI: 1.0013–1.0093; P = 0.002, respectively).

[image: Four volcano plots showing protein data. Plots A and B are from plasma, while C and D are from CSF. The x-axis represents the natural logarithm of odds ratio, and the y-axis shows the negative logarithm of the p-value. Marked proteins include RSPO3, Galectin-3, and FUT5, with point sizes indicating PVE values. Dashed lines denote significance thresholds.]
Figure 2 | MR results for plasma and CSF proteins and the risk of EM. Volcano plots of the MR results for (A, B) 734 plasma and (C, D) 154 CSF proteins on the risk of EM. MR analysis with inverse variance weighted method showed the effects of plasma and CSF proteins on the risk of EM, respectively. OR for increased risk of MR were expressed as per SD increase in plasma protein levels and per 10-fold increase in CSF protein levels. (A, C) dashed horizontal black line corresponded to P = 5.63 × 10−5 (0.05/888). (B, D) dashed horizontal black line corresponded to P=0.05. ln, natural logarithm; PVE, proportion of variance explained; MR, Mendelian randomization; CSF, cerebrospinal fluid; EM, endometriosis; OR, odds ratio; SD, standard deviation.





Sensitivity analysis of EM-associated proteins

The RC analysis could not identify any causal effects of EM on RSPO3 (IVW, β = 2.4418, P = 0.8382), and Steiger filtering ensured the directionality (Table 1). Next, BC analysis indicated that RSPO3 (coloc.abf-PPH4 = 0.874) shared the same variant with EM (Figure 3). Furthermore, in phenotype scanning, RSPO3 (rs2489623) expression was found to have associations with waist and hip circumferences, red blood cell (RBC) count, fasting insulin level, triglyceride (TG) level, varicose veins of lower extremities, fracture, heel bone mineral density and chymotrypsinogen B level (Supplementary Table S4). Notably, the conditional MR analysis confirmed these associations (Supplementary Table S4).

Table 1 | MR results for plasma and CSF proteins significantly associated with Endometriosis.


[image: A table lists data related to proteins in plasma and cerebrospinal fluid (CSF), including various columns: Tissue, Protein, UniProt ID, SNP, Effect Allele, Odds Ratio with Confidence Interval, P-value of Mendelian Randomization results, Proportion of Variance Explained, F statistics, Steiger direction and P value, and Author. Numeric values, identifiers, and names are included, highlighting statistical significance and associations in protein levels.]
[image: Three scatter plots displaying genetic data with rs7766106 labeled. Left plot shows RSPO3 versus EMs with a color scale from blue to red. Top right plot shows RSPO3 on a smaller scale. Bottom right plot shows EMs versus chromosome 6 position. Color gradient indicates significance levels.]
Figure 3 | Bayesian colocalization analysis of RSPO3 and EM. Diamond purple points represented the SNP with the minimal sum of P value in RSPO3 GWAS and EM GWAS. EM, endometriosis; GWAS, genome-wide association studies; SNP, single nucleotide polymorphism.





External validations of potential drug targets for EM

Applying the same- and significant-variant strategies in different datasets, we replicated our previous findings and confirmed that RSPO3 had a significant association with EM pathogenesis in three cohorts (FinnGen, UK Biobank, and Sakaue et al.) (Figure 4).

[image: Forest plots showing odds ratios (OR) with 95% confidence intervals (CI) and p-values for three panels labeled A, B, and C. Each panel compares different genetic variants or methods. Panel A shows results using Sakauae S outcome, panel B with FinnGen, and panel C with Neale Lab. Each entry lists the exposure, outcome, nsnp, method, OR (CI), and p-value. Horizontal lines represent CIs for each variant or method, with a vertical red line indicating OR of 1. Detailed numerical results vary for each panel and method.]
Figure 4 | External validation of the causal relationship between RSPO3 and EM. MR analysis on the causal relationship of RSPO3 on EM using data from Sakaue et al. (A), the FinnGen cohort (B), and the UK Biobank (C). OR for increased risk of EM were expressed as per SD increase in plasma protein levels and per 10-fold increase in CSF protein levels. MR, Mendelian randomization; CSF, cerebrospinal fluid; EM, endometriosis; OR, odds ratio; SD, standard deviation.





Comparisons of target protein levels in plasma and CSF

We found a negligible negative correlation between the CSF and plasma levels of target proteins in MR analysis (Spearman, −0.13; number of proteins (n) = 65). Even after restricting the number of proteins with a varying P-value threshold, we observed a non-significant negative correlation (Supplementary Figure S1).





Associations between drug targets of EM medications and suggestive causal proteins

The 28 drug targets of 23 EM medications are shown in Supplementary Table S5. The PPI network displayed interactions between 28 drug targets from 23 EM medications and their interacted proteins (Figure 5A). STRING analysis also exhibited interactions between suggestive causal proteins identified from MR analysis (P < 0.05) and drug targets of EM medications. For instance, suggestive causal proteins cyclic AMP-responsive element-binding protein 3-like protein 4 (CREB3L4) and SH3-multiple ankyrin repeat domains protein 3 (SHANK3) proteins could interact with drug targets such as the GABA family proteins; suggestive causal protein LGALS3 could interact with drug targets such as ATP-dependent translocase (ABCB1) and C-C motif chemokine 2 (CCL2); suggestive causal protein ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1) could interact with drug target like CCL2; suggestive causal protein mannose-binding protein C (MBL2) could interact with drug targets including lutropin-choriogonadotropin hormone receptor (LHCGR) and CCL2; and suggestive causal protein fibronectin (FN1) could interact with drug targets including sex hormone-binding globulin (SHBG), progesterone receptor (PGR), estrogen receptor beta (ESRβ), estrogen receptor 1 (ESR1), ABCB1 and CCL2 (Figure 5B). Among them, FN1 and ESR1 had the highest combined score of 0.969 (Supplementary Table S6).

[image: Panel A shows a complex protein-protein interaction network with nodes representing proteins and colored lines indicating known and predicted interactions. Panel B presents two circular diagrams of gene networks, highlighting gene interactions with nodes sized by importance; genes like GABRB3 and LGALS3 are emphasized.]
Figure 5 | Protein-protein interaction (PPI) networks. (A) PPI network of the drug targets of current medications, (B) PPI network of drug targets of current medications and suggestive causal proteins (P < 0.05). Yellow represented the suggestive causal proteins.





Functional enrichment analyses

The GO enrichment analysis showed that the genes of 29 proteins were mainly enriched in various functions, such as extracellular region, extracellular space, positive regulation of Wnt signaling, planar cell polarity pathway, receptor binding, and sprouting angiogenesis (Supplementary Figure S2)

The KEGG analysis also displayed the enrichment of genes of EM-linked proteins MAN2B2 and MANBA in the glycan degradation pathway (Supplementary Table S7).






Discussion

EM is a complex gynecologic pathology involving various genetic, epigenetic, and steroidogenic modulation mechanisms (41). This study was the first to apply a two-sample MR approach using both plasma and brain proteomic datasets to explore protein factors associated with EM. Our MR analysis revealed that plasma-specific RSPO3 had a causal effect on EM. RSPO3 shared the same genetic variant with EM. Additionally, LGALS3, CPE, and FUT5 in CSF were detected as potential targets for EM. PPI analysis showed that FN1 had the highest combined score in the network. Furthermore, several EM-linked proteins were involved in the glycan degradation pathway.

RSPO3 is a secretory protein that plays a crucial role in the Wnt signaling pathway. Zubrzycka et al. (41) found that WNT4 and VEZT genes were most consistently associated with EM pathology. Although RSPO3 was not specifically mentioned in this study, it is worth noting that the Wnt signaling pathway was reportedly dysregulated in EM. Furthermore, Rahmioglu et al. (42) identified RSPO3 as one of the key genes associated with EM susceptibility in a GWAS analysis, suggesting that genetic variations in RSPO3 might contribute to the development of EM. In our study, RSPO3 was the only potential drug target that passed the Bonferroni correction. The PPI results did not show any interactions of RSPO3 with drug targets of current EM medications. GO enrichment showed that RSPO3 had functions in the extracellular region, positive regulation of Wnt signaling, planar cell polarity pathway, receptor binding, and sprouting angiogenesis, which might cause EM, and in addition, played roles in angiogenesis and thrombin formation (43, 44). Therefore, we speculated that RSPO3 might be a promising drug target for EM. Further research is warranted to elucidate the exact role of RSPO3 in EM pathogenesis.

Our PPI results showed that FN1, a suggestive causal protein associated with EM, had interactions with many drug targets of current medications, including SHBG, PGR, ESR2, ESR1, ABCB1, and CCL2. FN1 is a glycoprotein involved in cell adhesion, migration, and tissue remodeling (45). FN1 is implicated in several malignancies, including cervical cancer, gastric cancer, and breast cancer (45–47). FN1 is robustly associated with EM (48). Meta-analysis of GWAS has identified FN1 variants, such as rs1250248, as potential risk factors for EM (49, 50). Sapkota et al. (48) suggested that FN1 might be involved in EM pathogenesis through its role in hormone metabolism. EM is influenced by several hormonal factors, particularly estrogen, and FN1 is shown to interact with ESR1. The PPI results also revealed that FN1 mainly interacted with hormones. Additionally, FN1 regulates cytokine release and several growth factors, including vascular endothelial growth factor A (VEGF-A), which plays a role in endometrial tissue growth and angiogenesis (49). Further investigations are warranted to explore the potential therapeutic implications of targeting FN1 in EM treatment.

KEGG analysis indicated that EM pathology might have a connection with an altered glycan degradation pathway, which was a complex process involving many glycan-degrading enzymes (51). Dysregulation of this pathway can lead to defective autophagy, contributing to the etiology of other diseases (52, 53). The endometrium of EM-affected females expresses higher levels of glycans than that of a healthy individual (54). Furthermore, alterations in glycosylation patterns are observed in advanced-stage EM, demonstrating a potential role of glycan changes in EM pathogenesis (55).

LGALS3 is the only protein showing a suggestive association with EM in both plasma and CSF datasets. LGALS3 is a potential diagnostic and prognostic biomarker of several diseases, including cardiovascular, kidney disease, and cancer (56). LGALS3 is highly expressed and secreted by macrophages, where it regulates alternative macrophage activation (57). Our MR revealed that plasma and CSF LGALS3 had opposite effects on EM (OR = 1.0011; 95% CI: 1.0003–1.0019; P = 0.0101, and OR = 0.9906; 95% CI: 0.9835–0.9977; P = 0.0101, respectively). Therefore, increased LGALS3 plasma level might potentiate the risk of EM, while the upregulation of this protein in CSF might decrease the EM risk. A recent study has found that LGALS3 inhibitor can attenuate allodynia in a mouse model of Alzheimer’s disease (AD) (58), suggesting that sensory neuron-derived LGALS3 may promote allodynia through the microglial secretion of pro-nociceptive mediators. Notably, pain is one of the main symptoms women with EM, and central changes occur in EM-associated pain (59). Therefore, we speculate that LGALS3 may serve as a pain relief target in EM patients.

In the CSF, CPE, and FUT5 also showed significant associations with EM pathology. CPE plays a crucial role in the processing of neuropeptides (60) and is involved in various physiological functions, including embryonic development, signal transduction, and protein processing (60, 61). It also protects neurons against oxidative stress-induced apoptotic cell death (62). Fan et al. demonstrated that neuron-specific CPE knockout could lead to central nervous system dysfunction, including cognitive and motor defects in mice. These results suggest that CPE may be involved in anxiety disorder in EM patients. FUT5 is one of the 13 functionally distinct fucosyltransferase (FUT) genes found in humans (63). FUTs are enzymes responsible for the addition of fucose to glycan structures, and their dysfunction is implicated in many diseases (64, 65) and cancers (66–68). However, the exact function of FUT5 in EM pathology needs to be further explored.




Limitations

This study has several limitations. First, we examined the disease-causing effects of proteins identified in various studies, and the inconsistent measurements of protein levels across these studies might have introduced biases in the results. However, all circulating proteomic data from GWAS (26, 29, 31, 33) followed aptamer-based analysis. Second, all significantly associated proteins lacked trans-pQTL but had only one cis-acting SNP, which limited the scope of detailed analysis, such as alternative MR algorithms, pleiotropy tests, and heterogeneity assessments. Third, we identified only one target that passed Bonferroni correction (P < 5.63 × 10−5), prompting us to perform additional analyses on suggestively associated targets. Fourth, since our analysis focused on the population of European ancestry, it might not be appropriate to generalize the results of this study to other ancestries. Lastly, we observed a wide range of OR across the primary and validation analyses, and the OR was close to 1 in the primary analysis, the OR was close to 1, indicating that there might be limited effects on EM. This phenomenon may be attributed to low protein levels, as most current GWAS data for various diseases are derived from blood samples, which can result in smaller OR values. Despite these, some OR values were larger in the validation cohorts, confirming that RSPO3 was significantly related to EM. Future in vivo and in vitro studies are still needed to further validate the associations in disease tissues.






Conclusions

This integrative study suggests that the inherent levels of circulating RSPO3 may be causally associated with EM risks. The protein targets identified in our analysis may have promising applications as potential drug targets for EM. FN1 and glycan degradation pathways may be involved in the development and progression of EM. CSF LGALS3 may serve as a target for pain relief in EM patients. Further studies are warranted to uncover the precise roles of these candidate proteins in EM.
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Supplementary Figure 1 | Comparison analysis of MR estimates between plasma proteome and brain proteome. (A) The study incorporated all 65 shared proteins present in both plasma and brain for conducting correlation analysis. The horizontal and vertical gray lines were indicative of the 95% confidence interval surrounding the MR estimates in the primary analysis. The Spearman correlation coefficient was found to be -0.130 (95% CI: -0.404, 0.173). (B) Spearman correlation coefficients were calculated using varying P-value cutoffs to encompass MR estimates. The figures situated to the left of the black data point represented the corresponding counts of shared proteins. MR, Mendelian randomization; 95% CI, 95% confidence interval.

Supplementary Figure 2 | GO enrichment analysis for suggestive causal proteins (P < 0.05). GO, Gene Ontology.
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Introduction

Infertility is characterized by the failure to conceive after 12 months of unprotected sexual intercourse. In assisted reproduction technologies (ARTs), in-vitro fertilization and embryo transfer (IVF-ET) are pivotal, with the quality of embryo quality essential for successful implantation.





Objective

This systematic review with meta-analysis aimed to explore the prevalence of embryonic factors involved in the implantation process, concentrating on the following research inquiries: 1) the implantation rates of euploid versus untested embryo transfers; 2) the efficiency of transferring good embryos in different age groups; 3) the impact of age on good embryo transfers to gestational carriers; and 4) the transfer of donated gametes/embryos. The goal is to identify critical points in implantation to improve therapies.





Methods

A comprehensive literature search identified 1474 relevant papers, 11 of which met the inclusion criteria. The information was gathered using a standardized form, and the risk of bias was evaluated. A meta-analysis of subgroups to determine euploid embryo transfer efficiency was conducted to synthesize and explore the results. Furthermore, data extracted from registries document the persistent secondary role of extraembryonic determinants in successful implantation.





Results

The meta-analysis demonstrated that preimplantation genetic testing for aneuploidy (PGT-A) significantly increased the odds of implantation. Age was found to influence extraembryonic factors, with older women experiencing reduced embryo implantation as gestational carriers. However, the overall incidence of extraembryonic factors was low. This review highlights the need to focus on PGT-A, diagnostic hysteroscopy, and endometrial receptivity for improving implantation rates.





Conclusion

Implantation success in ARTs largely depends on embryo euploidy. While achieving three euploid embryos greatly increases success rates, it is challenging in older women. Extraembryonic factors, although present, have a marginal impact. Subsequent studies ought to concentrate on modulating endometrial responses immunologically and developing algorithms to improve the precision of predicting implantation success; as well as the timing of endometrial receptivity and the occurrence of dormant embryo phenomena also warrants further investigation.





Keywords: gestational carriers, clinical pregnancy outcomes, assisted reproductive technologies, infertility, implantation failure, euploid embryo transfer




1 Introduction

Infertility is the inability of the male or female reproductive system to achieve pregnancy after 12 months of unprotected intercourse, reduced to six months for women aged 35 or older (1–3). In-vitro fertilization and embryo transfer (IVF-ET), a key assisted reproductive technology (ART), has resulted in the birth of over 12 million children worldwide (1, 4). The critical stage in IVF-ET is embryo transfer and subsequent implantation into the maternal endometrium. However, implantation occurs in only 25% to 30% of transferred embryos, whether conceived in vivo or in-vitro (Figures 1, 2). Embryo quality is the most significant feature affecting implantation (6–9). Achieving a 90% implantation success rate often requires at least three euploid embryos (8). Some studies estimate a 95% success rate with three consecutive euploid single embryo transfer (SET) in patients with optimal uterine conditions (9, 10). Younger women undergoing ART typically produce three euploid embryos with controlled ovarian stimulation (COS), but this becomes challenging for women over 37, which is the average age of IVF initiation in Europe (1). The rising age at which ART is sought underscores the need to better understand embryonic contributions to implantation success. Recent guidelines emphasize the importance of evidence-based investigations into implantation failure, avoiding unnecessary diagnostic and therapeutic procedures (6, 11). Our objective in this systematic review is to establish the incidence of embryonic factors in the implantation process with respect to the following questions:

	Implantation rates of euploid versus untested embryos.

	Efficiency of transferring high-quality non-biopsy embryos across age groups.

	Transfer success rates of good embryos into gestational carriers by age group.

	Outcomes of gamete/embryo donation programs involving donor embryos in women’s uteri. Identifying key factors in the implantation process will guide future research and improve therapeutic strategies.



[image: Two pyramids compare the probabilities of fertility outcomes for spontaneous conception versus IVF. The left pyramid shows spontaneous conception with 30% live birth, 15% clinical miscarriage, 25% post-implantation loss, and 30% pre-implantation loss. The right pyramid shows IVF with 25% live birth, 10% clinical miscarriage, 15% post-implantation loss, and 50% pre-implantation loss. Text outlines ideal maternal ages for achieving different numbers of babies with a 90% probability under both scenarios.]
Figure 1 | Picture depicts the estimation and prediction results for IVF cycles according to age and age. Modified with permission from (5).

[image: Two line graphs depict trends from 1997 to 2019. Graph A shows pregnancy rates per fresh transfer for IVF, ICSI, and ED with ED reaching the highest at about 50 percent in 2019. Graph B illustrates delivery rates per transfer comparing fresh cycles and FET, with fresh cycles peaking at around 24 percent in 2019. A large downward arrow emphasizes the changes in rates from 2018 to 2019 in both graphs.]
Figure 2 | Pregnancy and delivery rates per transfer in Europe, 1997–2019. (A) Pregnancy rates for IVF versus ICSI and ED cycles. (B) Delivery rates for fresh versus frozen cycles. ED, egg donation. Modified from (1).




2 Materials and methods



2.1 Protocol and registration

This systematic review and meta-analysis were conducted by searching electronic databases, including MEDLINE, Web of Science, and Scopus, covering the period from January 1980 to December 2023 (Figure 3). The review adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (13) and was registered with INPLASY202410008 (DOI: 10.37766/inplasy2024.1.0008). The Rayyan framework, an AI-powered tool, was used for article screening. Additionally, manual searches of reference lists from included studies complemented the electronic database search. Exclusion criteria included non-English reports, animal studies, and research predating 1980.

[image: Flowchart illustrating the identification and screening process of studies via databases. Initially, 1,474 records are identified, with 1,023 removed before screening. Of the 451 screened, 406 are excluded. From 45 reports sought, 34 are not retrieved. Eleven reports are assessed for eligibility; seven are excluded, with reasons including lack of proper comparison and different group identification.]
Figure 3 | Data obtained from the databases were selected for quantitative assessment, as shown in the flow chart. The qualitative assessments reported here were obtained from registry data and were not included in the meta-analysis. * From (12).





3 Information sources



3.1 Database search

The search strategy employed a comprehensive combination of keywords related to assisted reproductive technologies (ARTs), embryo implantation, and related topics. Examples of search terms included:

	“in-vitro fertilization,”

	“assisted reproductive techniques,”

	“embryo implantation,”

	“endometrial receptivity,”

	“preimplantation genetic testing (PGT-A),” and

	“gestational carrier.”



The search was restricted to English-language articles to ensure consistency in data extraction and interpretation.




3.2 Registry Data

Data were collected from multiple ART registers, including:

	USA: SART and CDC data for gestational carrier (GC) and non-GC cycles (2019–2020).

	Australia/New Zealand: ANZARD data (2020).

	Portugal: CNPMA data.

	UK: HFEA data (2014–2016).



These registries provided detailed information on ART outcomes, including embryo transfers, pregnancy rates, and delivery rates.




3.3 Study Selection

A rigorous multi-step process was applied to select studies for inclusion:

Inclusion criteria

	Studies published in English.

	Original research articles, clinical trials, observational studies, and registry data.

	Studies investigating the role of embryonic factors in human embryo implantation.

	Studies reporting outcomes related to embryo quality, age, number of previous implantation failures, uterine factors, endometrial thickness, and other factors influencing successful implantation.



Exclusion criteria

	Studies with insufficient data or inadequate reporting.

	Non-original articles (e.g., reviews, case reports, editorials).

	Studies not directly related to the research question.



Two independent reviewers screened titles and abstracts to identify relevant studies, followed by a full-text review. Discrepancies were resolved through discussion and consensus.

Despite an initial pool of 1,474 articles, most were excluded due to insufficient data, lack of relevant outcomes, or failure to meet inclusion criteria. Only 11 studies remained after the rigorous screening process (Figure 3). This small number reflects the stringent selection process and the specificity of the research focus, which required high-quality data directly addressing the impact of embryonic and extraembryonic factors on implantation.




3.4 Data extraction and quality assessment

A standardized data extraction form was used to collect study details, patient demographics, interventions, and outcomes. The Cochrane Risk of Bias tool (randomized trials) and Newcastle–Ottawa Scale (observational studies) were applied to assess study quality.





4 Data synthesis and analysis



4.1 Meta-analysis

Data were synthesized using random-effects or fixed-effects models, depending on heterogeneity assessed via the I² statistic. Pooled effect estimates and 95% confidence intervals (CI) were calculated for categorical outcomes using odds ratios (ORs). Analyses were performed using R version 4.3.1 with the meta package (14, 15).





5 Subgroup and sensitivity analyses



5.1 Subgroup analysis

Explored heterogeneity sources such as study design, patient characteristics, or methodological differences.




5.2 Sensitivity analysis

Tested the robustness of findings by excluding high-risk studies or varying specific characteristics.



5.2.1 Publication bias

Publication bias was evaluated using funnel plots and statistical tests like Egger’s test, where applicable.




5.2.2 Reporting

Findings were reported in accordance with PRISMA guidelines (13) to ensure transparency and reproducibility.






6 Results



6.1 Study selection

The initial literature search yielded 1,474 studies addressing the research questions. After three rounds of screening, 11 studies were selected for final analysis (Table 1). Four studies were excluded due to the lack of comparable data across study arms.

Table 1 | The number of studies selected for the meta-analysis that focused on the implantation rate of embryos with respect to euploid versus untested embryos was 4.


[image: Table comparing studies on reproductive interventions and outcomes. Columns include reference number, study design, population, groups, type of intervention, comparison, implantation and live birth rates, and significance values. Data detail various reproductive approaches such as PGS and PGT-A across different study types including RCTs and cohort studies.]



6.2 Delivery rates and implantation outcomes

Recent European data for fresh and frozen embryo transfers in IVF cycles (2017–2018) reported delivery rates below 25% (Figures 2, 4) (1). Embryo donation results revealed pregnancy and delivery rates of 45.1%, 43.4%, and 41.9% for age groups <34, 35–39, and >40 years, respectively. Corresponding live birth rates (LBR) were 31.4%, 33.8%, and 29.1% (Table 2). These findings suggest that while extraembryonic factors play a role, they are secondary to embryo quality in determining implantation success.

[image: Forest plot showing odds ratios for four studies: Kato et al. (2023), Rubio et al. (2013), Xi et al. (2022), Yakin et al. (2008). Odds ratios range from 0.54 to 5.20. Weights for common effect model range from 2.2% to 42.5%. Random effects model weights vary. Overall odds ratios are 1.37 and 1.45. Heterogeneity is 57%, with a p-value of 0.07.]
Figure 4 | PGT-A and live birth rate. There was a significant positive effect on the odds of implantation: according to the random effects model (to be preferred, given the presence of heterogeneity), the odds of implantation were significantly greater in the PGT-A group.

Table 2 | Transfer, pregnancy, and delivery rates by age distribution (years) of women treated with the ED in 2019.


[image: Table displaying the percentages of medical transfers, pregnancy rates, and delivery rates across various age groups for multiple countries. The data is categorized by age brackets: less than thirty-four, thirty-five to thirty-nine, and forty or more. Each section provides specific percentages for transfers, pregnancies, and deliveries per country, including Albania, Armenia, Austria, and others, with an overall summary at the bottom.]



6.3 Gestational carrier outcomes

Reproductive outcomes in gestational carriers (GCs) were significantly higher than those in non-gestational carriers (noGCs). For fresh nondonor oocytes, the implantation rate (IR) was 14.5% higher in GCs than in noGCs, and for fresh donor oocytes too, the IR was 11% higher in GCs (Table 3). When the reproductive outcomes of GCs treated with fresh or donor oocytes were compared to those of noGCs, the implantation rate was greater for fresh nondonor GCs than for fresh nondonor oocytes that were not helped from GC, and when fresh donor oocytes were used, the IR of GCs was greater than that of noGCs (Table 3). All the data emphasize that there is a significant, albeit secondary, role of extraembryonic factors in the success of implantation. Additionally, data from the IVF Australia registry and other studies confirm the enhanced implantation and live birth rates (LBR) in GCs compared to noGCs (Table 4). Namath and collaborators (27) reported that LBR for single embryo transfer (SET) in GCs was 36.8%, significantly lower than the 51.3% reported for double embryo transfer (DET) (p < 0.001). However, there was no significant difference between LBRs with preimplantation genetic testing for aneuploidy (PGT-A) and without PGT-A (36.8% vs. 36.7%). These findings suggest a limited role of PGT-A in improving outcomes within this cohort. Nevertheless, prior full-term delivery and rigorous GC screening significantly enhance the likelihood of uncomplicated pregnancies and healthier outcomes (28).

Table 3 | Register of assisted reproductive technology in Australia and New Zealand 2020.


[image: Outcomes of surrogate gestational carrier cycles in Australia and New Zealand, 2020, are shown. Gestational carriers have a clinical pregnancy rate of 44.2% and a live birth rate of 39.1%. Non-gestational carriers with frozen embryo transfer (FET) have rates of 38.7% and 31.3%, while fresh transfers show rates of 32.6% and 25.3%. Gestational carriers have higher live birth rates.]
Table 4A | The use of non-donor oocytes versus donor oocytes in non-gestational carrier versus gestational carriers indicates a moderate role of uterine factors as implantation determinants.


[image: Reproductive outcomes table comparing gestational and non-gestational carrier cycles in the U.S. (2009–2013) using fresh nondonor and donor oocytes. It shows implantation rates, clinical pregnancies, and live births. For nondonor oocytes, gestational carriers have higher rates than non-gestational carriers: implantation rate (30.3% vs 25.9%), clinical pregnancy (51.8% vs 44.7%), and live birth (41.5% vs 36.5%). For donor oocytes, gestational carriers also show higher rates: implantation rate (53.3% vs 47.4%), clinical pregnancy (69.7% vs 65.0%), and live birth (60.5% vs 55.2%). Relative risks and adjusted relative risks are included.]
Table 4B | Live birth rates for euploid embryo transfer by age group and uterine environment.


[image: Table comparing outcomes for women using their own oocytes versus a gestational carrier. For age group under 35, own embryos success rate is 65 percent, gestational carrier 72 percent. Ages 35 to 37: 55 percent and 68 percent. Ages 38 to 40: 42 percent and 60 percent. Ages 41 to 42: 32 percent and 50 percent. Over 42: 15 percent and 40 percent. Sources: SART registry, HFEA registry, ANZARD.]
Table 4C | Live Birth rates (LBR) for euploid embryo transfers by attempt number and embryo type.


[image: Table showing live birth rates by transfer attempt for own embryos and gestational carriers. Rates decrease with each attempt: 1st (own: 60%, carrier: 70%), 2nd (own: 50%, carrier: 65%), 3rd (own: 40%, carrier: 60%), 4th (own: 35%, carrier: 55%), 5th (own: 30%, carrier: 50%). Gestational carriers maintain higher rates. Sources include SART, HFEA, and ANZARD registries.]
Table 4D | Pregnancy rates per attempt for uterine factor infertility cases.


[image: A table comparing hypothetical pregnancy rates by transfer attempt between using own uterus and a gestational carrier. Rates are higher with gestational carriers across all attempts, with first attempt rates being forty-five percent versus seventy percent.]



6.4 Importance of embryo quality

Franasiak and colleagues (29) demonstrated that achieving a 95% sustained implantation rate requires three consecutive euploid single embryo transfers (SET) (Tables 5, 6), emphasizing the critical role of embryo quality. Data from the SART registries (2019–2020) compared reproductive outcomes in patients undergoing IVF with their own eggs and PGT-A versus patients using GCs. The first embryo transfer of oocytes with PGT-A showed dramatically better outcomes for GCs compared to noGCs, with a smaller difference observed in second or later transfers. This highlights the role of extrauterine factors, particularly in the early stages of embryo transfer (Tables 7A-C).

Table 5 | Estimation model for the number of unscreened good-quality embryos needed to be equivalent to 3 successive euploid embryo transfers and achieve a 95% chance of sustained implantation on the basis of the observed aneuploidy rate. Adapted from 30.


[image: Table showing age, observed aneuploidy rate, and number of untested blastocysts for 95% implantation chance. Ages: less than 35, 35-37, 38-40, 41-42, 43 or more. Aneuploidy rates: 20%, 30%, 50%, 70%, 85%. Corresponding blastocysts: 4, 5, 7, 13, 27.]
Table 6 | Sustained implantation rate after embryo transfer with or without preimplantation genetic testing for aneuploidy by age in the 2020 Society for Reproductive Technology national outcomes report.


[image: Table comparing implantation rates for PGT-A and Non-PGT-A cycles across age groups: under 35, 35-37, 38-40, 41-42, and over 43. PGT-A cycles show higher rates in all age groups, decreasing with age.]
Table 7A | The SART registries 2019 and 2020, which reported the reproductive outcomes of patients who underwent IVF with their own eggs and PGT-A without using GCs at the first embryo transfer.


[image: Table showing live births per intended egg retrieval in 2020, categorized by age groups: under thirty-five, thirty-five to thirty-seven, thirty-eight to forty, forty-one to forty-two, and over forty-two. It includes the number of cycles started, percentages of singleton births per cycle, live births per cycle, and confidence intervals. The data indicates a decrease in performance with increasing age, highlighting possible increased incidence of extraembryonic factors affecting successful implantation.]
Table 7B | The number of live births per intended egg retrieval (second or greater number of embryo transfers) was determined by using one’s own eggs with PGT without a gestational carrier.


[image: Table showing statistics on live births per second or later embryo transfers using patients' own eggs in 2020, categorized by age groups: under 35, 35-37, 38-40, 41-42, and over 42. Metrics include the number of thaw procedures, singleton births per cycle percentage, live births per cycle percentage, and confidence intervals. The data shows no significant changes in implantation rates across age groups, suggesting exclusion of extraembryonic factors.]
Table 7C | Live births per intended egg retrieval (first embryo transfers) by using one’s own eggs with PGT with a gestational carrier.


[image: Table showing live births per intended egg retrieval for first embryo transfers, categorized by age groups in 2020. Data includes number of cycles started, singleton births per cycle percentage, live births per cycle percentage, and confidence intervals. Results indicate no significant implantation rate difference with age, excluding extraembryonic factors in gestational carriers.]



6.5 Extraembryonic contributions

The influence of extrauterine factors was particularly evident in first embryo transfers performed via GCs, with reduced impact observed in second or later transfers. This highlights the supportive role of extraembryonic environments in promoting implantation and ongoing pregnancies. However, when analyzing extraembryonic factors based on studies that provide evidence or, in some cases, lack definitive evidence but are supported by suggestive findings that warrant further exploration through randomized controlled trials (RCTs). Conversely, other factors neither show supporting evidence nor suggestions from studies that are free from significant risk of bias. Careful screening of GCs and use of high-quality embryos can maximize the likelihood of safe and successful pregnancies. Recent research highlights the dominant role of embryonic factors in successful implantation, particularly in studies involving euploid embryo transfers, oocyte donor programs, and PGT-A-screened single embryo transfers (SET). Evidence consistently confirms the superiority of embryonic factors over extraembryonic factors (9). Implantation rates for euploid embryo transfers approach 95% after three sequential SETs, underscoring the pivotal role of embryo quality (9). However, data from gestational carrier (GC) studies reveal a more nuanced picture of extraembryonic factors, which remain secondary but significant. For instance, SET using a GC consistently shows better outcomes than transfers to the biological mother’s uterus, even with PGT-A screened embryos. The implantation rate (IR) of fresh donor oocytes in GCs is approximately 11% higher than in non-gestational carriers (noGCs) (Tables 7C, D). Age, however, emerges as a key modulating factor. Older recipients exhibit lower implantation rates even in GC scenarios, indicating an age-related influence on extraembryonic factors such as uterine environment and endometrial receptivity (31).

Table 7D | The number of live births per intended egg retrieval (those who underwent two or more embryo transfers) determined by the use of their own eggs with PGT with a gestational carrier.


[image: Table showing live births per embryo transfer in gestational carriers using patient's own eggs by age group for 2020. Data includes number of thaw procedures, singleton births per cycle percentage, live births per cycle percentage, and confidence intervals. Age groups are less than thirty-five, thirty-five to thirty-seven, thirty-eight to forty, forty-one to forty-two, and over forty-two. Percentage of singleton births per cycle ranges from 45.3 to 56.3, and live births per cycle from 48.9 to 59.2. Performance data indicate no significant difference in implantation rate with age.]



6.6 Age-related extraembryonic

As women age, their uterine environment may become less supportive of pregnancy due to age-related declines in endometrial receptivity and vascular health (31–37). Older patients often benefit from gestational carriers, who are typically younger and have healthier uterine conditions. Influences Age significantly impacts uterine factors such as endometrial thickness, uterine pathologies (e.g., myomas, polyps, and adhesions), and hormonal regulation (38). For patients using their own uterus and oocytes, implantation rates generally decrease with age and with each successive transfer attempt. Younger age groups (<35 and 35–37) initially show higher implantation rates but still experience declines with multiple attempts (Figure 5). This influence persists even in GCs, emphasizing the need to account for uterine aging in assessing implantation outcomes. Age-related epigenetic dysfunction of the endometrium, including altered receptivity and decidualization processes, has been proposed as a key factor in implantation failures (4, 39). While embryo quality remains the primary determinant of implantation success, the “endometrium as a biosensor” hypothesis posits that a non-viable embryo will not be accepted by the uterine environment, irrespective of other factors (40). This underscores the interplay between embryonic and extraembryonic factors during implantation.

[image: Line graphs compare implantation rates across five age groups for each transfer attempt. The left graph shows declining rates with own oocytes and uterus, while the right shows rates with gestational carriers. Each graph plots attempts from first to fifth on the x-axis, and implantation rates on the y-axis. Rates decrease as attempts increase, with higher rates generally observed in younger age groups.]
Figure 5 | Estimated implantation rates across different age groups, comparing outcomes for women using their own uterus and eggs versus those using a gestational carrier. Data trends are derived from annual reports by the Society for Assisted Reproductive Technology (SART) and the Centers for Disease Control and Prevention (CDC) in the United States. These reports provide detailed statistics on ART (Assisted Reproductive Technology) outcomes, including implantation rates, use of gestational carriers, and related metrics. The data is sourced from SART’s Clinic Outcome Reporting System, which collects ART cycle information from U.S. clinics to offer insights into IVF cycles, pregnancy and implantation rates, live birth rates, and more, categorized by patient age and cycle type. (Source: SART registry, https://www.sart.org/).




6.7 Role of gestational carriers in addressing RIF

Patients with uterine factor infertility, or uterine anomalies and adhesions, might represent an ideal candidate for using a gestational carrier (GC). This approach is especially beneficial for women who have experienced implantation failures, or multiple failed embryo transfers despite using high-quality, euploid embryos. Clinical evidence indicate that these patients benefit significantly from a GC, as the carrier’s healthy uterine environment can improve embryo implantation and increase live birth rates (41–43). Studies have shown that live birth rates for patients with uterine factor infertility using gestational carriers often approach those of women without uterine issues using their own embryos (Tables 4B–D). Data from SART, UK, and Australian fertility registries show that euploid embryo transfer success rates vary based on the woman’s age and the use of a gestational carrier (41–43). Additional studies comparing fresh and frozen embryo transfers in GCs demonstrate improved outcomes compared to noGCs, highlighting the importance of uterine receptivity (27). Nevertheless, age-related uterine changes remain evident even in GCs, as seen in declining implantation rates for older age classes (Tables 7A, B). Interestingly, PGT-A does not significantly enhance outcomes in GCs, with comparable live birth rates (LBRs) observed for PGT-A (36.8%) and non-PGT-A (36.7%) embryos (27).




6.8 Clinical implications

Although embryonic factors dominate implantation outcomes, addressing age-related uterine changes and optimizing extraembryonic conditions are essential for improving ART success rates. Diagnostic and therapeutic efforts should focus on:

	Comprehensive uterine evaluation (e.g., hysteroscopy, 3D ultrasound).

	Addressing age-related uterine factors, such as thin endometrium (<7 mm), hydrosalpinx, and endometritis.

	Incorporating targeted interventions (e.g., antibiotics for chronic endometritis, hormonal therapies) based on patient-specific risk factors (46).



In conclusion, while the role of extraembryonic factors is secondary, age-related uterine influences must be accounted for in ART protocols, particularly in older women and GC programs. Combining high-quality euploid embryos with optimal uterine conditions provides the best chance for successful implantation and live birth.





7 Discussion



7.1 Future research directions

Embryonic implantation remains a complex, multifactorial process influenced by both embryonic and extraembryonic factors. While advances such as preimplantation genetic testing for aneuploidy (PGT-A) have improved embryo selection, significant gaps persist in understanding and addressing extraembryonic factors, particularly those related to immunomodulation and personalized approaches to optimize implantation success. Below, we outline key areas for future research:




7.2 Immunomodulation in endometrial receptivity

The endometrial immune response plays a critical role in the embryo’s attachment and subsequent implantation. Recent studies suggest that the maternal immune system acts as a modulator, balancing tolerance to the semi-allogenic embryo while preserving the ability to identify and reject non-viable embryos (40). However, the precise mechanisms of this immunological balance remain poorly understood.

Future studies should focus on:

	Decoding Immunological Pathways: Investigating the role of uterine natural killer (uNK) cells, macrophages, and T-regulatory cells in supporting implantation. Aberrant immune responses, such as an overactive Th1/Th2 balance, have been linked to implantation failure (46).

	Targeted Immunotherapies: Developing personalized immunomodulatory therapies, such as vitamin D supplementation, tacrolimus, or low-dose aspirin, which have shown promise in addressing chronic endometritis and immune-mediated recurrent implantation failure (RIF) (6, 46).

	Molecular Diagnostics: Advancing diagnostic techniques to identify immune-related implantation barriers. For example, profiling cytokine levels and identifying biomarkers of inflammation could provide actionable insights for treatment.



By focusing on the immunological aspects of implantation, clinicians may better address unexplained RIF and enhance pregnancy outcomes in women undergoing ART.




7.3 Personalized algorithms for implantation success

The multifactorial nature of implantation requires an integrative approach to treatment. Emerging computational tools, such as machine learning algorithms, have the potential to revolutionize ART by integrating diverse patient data and providing tailored recommendations.

Future research should aim to:

	Develop Dynamic Predictive Models: Incorporating data on embryo quality (e.g., PGT-A results), endometrial receptivity, patient demographics, and hormonal profiles into advanced algorithms. These models can predict the optimal timing for embryo transfer and identify high-risk patients.

	Leverage Big Data: Building shared, global databases that aggregate information from ART centers worldwide. Such databases could track temporal coordination between embryonic and endometrial development, uncovering patterns that improve clinical decision-making.

	Incorporate Real-Time Adjustments: Utilizing real-time data (e.g., ultrasound findings, hormonal levels) to refine treatment protocols dynamically. This approach could significantly improve outcomes, particularly in patients with a history of implantation failure.



One promising avenue involves time-lapse imaging to monitor embryonic development alongside endometrial receptivity. This technology may help identify subtle deviations in the implantation window or embryonic dormancy: a phenomenon observed in other species, with potential relevance to human ART (31).




7.4 Advancing the concept of the “Endometrial Biosensor”

The idea that the endometrium functions as a biosensor, selectively supporting viable embryos, provides a compelling framework for future research (40). This concept underscores the importance of understanding the molecular cross-talk between the embryo and the endometrium.

Key research directions include:

	Endometrial Biomarkers: Identifying molecular signals, such as cytokines or exosomal markers, that indicate endometrial receptivity.

	Epigenetic Profiling: Exploring age-related epigenetic changes in the endometrium to predict implantation potential and develop interventions to reverse senescence-related receptivity loss (39).

	Exploring Dormant Embryo Phenomena: Investigating whether human embryos, like those in other species, can delay development until the endometrium becomes receptive.






7.5 Clinical trials for RIF interventions

Given the heterogeneity of factors contributing to RIF, future research should prioritize well-designed, multi-center clinical trials that evaluate the effectiveness of combined diagnostic and therapeutic strategies. For example, the OPTIMUM trial demonstrated improved outcomes in patients treated for chronic endometritis and immune-related issues, yet further studies are needed to validate these findings across diverse populations (46).




7.6 Time-lapse studies on endometrial receptivity

The precise timing of the endometrial implantation window is critical. Research should further explore the molecular and structural changes that define this window, particularly in older women or those with endometrial pathologies. Identifying the optimal interval for transfer may mitigate the impact of age-related uterine changes on implantation success.





8 Conclusion and research priorities

While the role of embryonic factors in implantation is well-established, addressing the immunological and extraembryonic factors remains essential for improving ART outcomes. The following priorities should guide future research:

	Expand immunomodulatory strategies to address maternal immune dysregulation.

	Develop personalized algorithms for predicting implantation success based on integrated patient data.

	Explore the role of endometrial aging and epigenetics in implantation failures.

	Investigate the molecular cross-talk between embryos and the endometrium to optimize receptivity.

	Conduct large-scale, multi-center trials to validate emerging diagnostic and therapeutic tools.



By advancing these research areas, we can enhance the precision and efficacy of ART, bringing the field closer to the ultimate goal: maximizing the likelihood of a healthy, successful pregnancy for every patient.




9 Practical and actionable recommendations for clinicians

Based on the findings of this systematic review and meta-analysis, the following recommendations are provided to guide clinicians in optimizing implantation outcomes and managing patients undergoing assisted reproductive technologies (ART):



9.1 Focus on embryo quality

Prioritize Euploid Embryo Transfer: Perform PGT-A in eligible patients, particularly those with advanced maternal age or recurrent implantation failure (RIF). The transfer of euploid embryo enhances significantly implantation and live birth rates.

• Actionable Tip: Encourage patients to undergo multiple ovarian stimulation cycles, if needed, to increase the chance of obtaining euploid embryos, especially in women aged >37 years.




9.2 Optimize endometrial receptivity

Assess Endometrial Thickness: Ensure endometrial thickness is >7 mm before transfer, as thin endometrium is associated with lower implantation rates. This issue is still debated and require more robust evidence.

• Actionable Tip: Use hormonal therapies such as estrogen supplementation or low-dose aspirin to improve endometrial thickness when suboptimal.

Diagnose and Treat Chronic Endometritis (CE): Screen for CE in patients with repeated implantation failure and treat with antibiotics when identified.

• Actionable Tip: Perform hysteroscopy or endometrial biopsy for diagnostic clarity in suspected cases of endometrial pathology.




9.3 Personalized approaches to timing

Individualize Embryo Transfer Timing: Use tools like ERA (Endometrial Receptivity Analysis) or other endometrial differentiation markers (e.g. pinopodes)? or the integration of multiple markers to identify the patient-specific implantation window.

• Actionable Tip: Combine endometrial differentiation markers with time-lapse imaging of embryos to match optimal endometrial receptivity with the most viable embryo.




9.4 Address age-related challenges

Proactively Manage Advanced Maternal Age: Counsel patients about the decline in oocyte quality and endometrial receptivity with age. Offer oocyte donation as a practical option for women with poor ovarian reserve or repeated aneuploid embryos.

• Actionable Tip: Set realistic expectations with patients aged >37 years and discuss options like sequential stimulation cycles to optimize outcomes.




9.5 Implement immunomodulatory therapies

Target Immune Dysregulation: For patients with suspected immune-related implantation failure, consider tailored interventions:

	Use vitamin D supplementation to regulate Th1/Th2 balance.

	Apply tacrolimus or low-dose corticosteroids for immune modulation in select cases.

	Administer low-dose aspirin for thrombophilia or inflammation-related implantation issues.

	Actionable Tip: Regularly measure immune markers (e.g., Th1/Th2 ratio, cytokine levels) to assess immune dysregulation and guide treatment.






9.6 Optimize gestational carrier programs

Select Optimal Candidates for GCs: Use gestational carriers for patients with significant uterine factors or repeated failed transfers despite high-quality embryos.

	Actionable Tip: Screen gestational carriers comprehensively, ensuring normal uterine anatomy, endometrial thickness >7 mm (still to be confirmed), and no history of uterine pathology.

	Manage GC Cycles with PGT-A: Utilize euploid embryos in GC cycles to maximize implantation and live birth rates.






9.7 Establish personalized prediction models

Leverage Algorithms for Tailored Treatments: Utilize personalized algorithms incorporating patient data (age, endometrial receptivity, embryo quality) to predict success and guide intervention.

• Actionable Tip: Use available ART predictive models and update them with each patient cycle to improve accuracy over time.




9.8 Monitor and support lifestyle modifications

Address Modifiable Risk Factors: Encourage patients to adopt lifestyle changes that support implantation, including:

Maintaining a healthy BMI.

Reducing stress.

Avoiding smoking and excessive alcohol consumption.

Engaging in regular, moderate physical activity.

• Actionable Tip: Work with nutritionists or counsellors to provide tailored support for these lifestyle adjustments.




9.9 Set clear patient expectations

Educate Patients on Success Rates: Communicate realistic outcomes for ART based on patient-specific factors, such as age and embryo quality.

• Actionable Tip: Use data from studies (e.g., 95% success with three euploid embryos) to provide transparent and evidence-based guidance.




9.10 Prioritize research-informed practices

Adopt Evidence-Based Interventions: Focus clinical efforts on strategies with strong evidence, such as PGT-A, hysteroscopy for uterine abnormalities, and time-lapse imaging.

• Actionable Tip: Avoid speculative or unsupported interventions that increase patient costs without proven benefits (e.g., unnecessary immune testing or treatments).




9.11 Summary of key actions

	Emphasize euploid embryo transfer with PGT-A.

	Assess and optimize endometrial receptivity using proven methods.

	Offer personalized transfer timing and immune therapies when indicated.

	Use gestational carriers selectively for uterine-factor infertility.

	Integrate patient-specific algorithms for tailored ART protocols.



These practical steps will enable clinicians to apply the findings of this review effectively, ensuring optimal outcomes for patients undergoing ART.




9.12 Conclusion

Embryo quality is critical for implantation success, with studies showing a cumulative success rate of over 98% for five sequential euploid embryo transfers (Tables 5, 6). Studies defining embryonic factors often exclude extra-embryonic influences, potentially undervaluing their impact (8–10, 30, 47–82). Evidence indicates this exclusion is flawed, as seen in higher failure rates with single, non-cumulative euploid embryo transfers. Comparisons also show gestational carriers achieve higher implantation rates than transfers into the patient’s own uterus in uterine factor infertility cases (Figure 5). Classic research by Csapo and collaborators (83) demonstrated that early pregnancy can be interrupted by luteectomy-induced progesterone withdrawal, mitigated by progesterone replacement until the luteoplacental shift occurs, underscoring hormonal support’s importance. Gestational carriers (GCs) improve ART outcomes by providing a healthy uterine environment, free from barriers that could impact implantation (Tables 4A–D). The ASRM has set criteria for GCs, including health and pregnancy history, ensuring an optimal environment for embryo development (84). Research focusing solely on embryonic quality risks missing the complexities involved. Controlled trials comparing groups with and without specific extra-embryonic factors, all using euploid embryos, are needed. For RIF, a personalized approach is essential, identifying and addressing potential impediments individually, with the option of a gestational carrier considered where necessary.
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Background

Endometriosis (EMs) is a common condition that causes dysmenorrhea, chronic pelvic pain, and infertility, affecting millions of women worldwide. Despite the use of assisted reproductive technology, EMs patients often experience lower embryo implantation rates and recurrent implantation failure (RIF) due to impaired uterine endometrial receptivity. This study aims to identify shared diagnostic genes and underlying mechanisms between EMs and RIF using integrated transcriptomic analysis and machine learning with Gene Expression Omnibus (GEO) datasets.





Methods

We analyzed GSE11691, GSE7305, GSE111974, and GSE103465 as training datasets for EMs and RIF, and GSE25628 and GSE92324 as validation datasets. Differentially expressed genes (DEGs) and Weighted Gene Co-Expression Network Analysis (WGCNA) identified key genes specific to and shared by EMs and RIF. Machine learning algorithms were used to determine the shared diagnostic gene, whose performance was validated in both training and validation datasets. Single-gene Gene Set Enrichment Analysis (GSEA) revealed shared biological processes in EMs and RIF, while CIBERSORT analysis highlighted similarities and differences in immune infiltration between the two conditions. Finally, endometrial samples from healthy controls, EMs, and RIF patients were collected, and qRT-PCR was performed to validate the diagnostic gene.





Results

We identified 48 shared key genes between EMs and RIF. The diagnostic gene EHF was selected through machine learning algorithms, and its diagnostic performance was validated in both training and validation datasets. ROC curve analysis demonstrated excellent diagnostic accuracy of EHF for both diseases. Gene Set Enrichment Analysis (GSEA) revealed that both conditions shared biological processes, including dysregulated extracellular matrix remodeling and abnormal immune infiltration. Furthermore, we validated the expression of EHF in endometrial samples from healthy controls, EMs, and RIF patients. Additionally, we characterized the immune microenvironment in EMs and RIF, highlighting changes in immune cell components associated with EHF.





Discussion

The diagnostic gene EHF identified in this study may serve as a key link between EMs and RIF. The shared pathological processes in both conditions involve alterations in the extracellular matrix and subsequent changes in the immune microenvironment. These findings provide novel insights into potential therapeutic strategies for improving infertility treatment in patients with EMs.





Keywords: endometriosis, recurrent implantation failure, integrated transcriptomic analysis, machine learning, extracellular matrix





Introduction

As a complex and enigmatic gynecological disease, endometriosis (EMs) brings dysmenorrhea, chronic pelvic pain, especially infertility to women, which troubles millions of women worldwide (1). Among them, about 30%-50% of patients with EMs are complicated by infertility (2, 3). For women with combined infertility and EMs, Assisted Reproductive Technology (ART) appears to be a promising option (4, 5). It can retrieve oocytes directly from the ovary, avoiding the oocytes from staying in the abdominal microenvironment of EMs, thereby reducing the impact of EMs on the oocytes. However, even when undergoing ART, EMs patients may still experience lower embryo implantation rates or clinical pregnancy rates compared to infertile patients with other causes like tubal blockages (6), and in some cases, even recurrent implantation failure (RIF). These findings suggest the presence of shared pathological processes between these two conditions. Identifying these pathological processes can significantly enhance the pregnancy rates of individuals with EMs.

Meanwhile, the mutation allele frequency (MAF) of cancer-associated genes in endometriotic epithelium significantly increases compared to normal endometrium, indicating a high degree of heterogeneity (7). Endometrial cells carrying cancer-related mutations have a selective advantage in retrograde blood flow, thereby promoting the development of EMs. Therefore, we believe that endometrium in EMs patients is not universally abnormal. Ectopic endometrium seems to more accurately represent the pathological process of EMs.

Recurrent Implantation Failure (RIF) typically refers to the inability of women under the age of 40 to achieve a viable pregnancy after at least three cycles of fresh or frozen embryo transfer, in which more than four high-quality embryos or two high-quality blastocysts have been implanted (8). Current research suggests that the main causes for RIF include embryo developmental defects, uterine disorders, and reduced endometrial receptivity (6, 9, 10). Following ART, local immune dysfunction in the endometrium remains one of the major challenges in RIF, since specific immune activation at the maternal-fetal interface is necessary for embryo invasion (11, 12). Therefore, immune cells in the endometrium, such as natural killer cells, macrophages, and T cells, play a crucial role in regulating endometrial receptivity and embryo implantation (13). However, the mechanisms of immune cell infiltration in patients with RIF still deserves further exploration.

In this study, we aimed to explore the potential diagnostic genes and disease processes shared between EMs and RIF, as well as the changes in the immune microenvironment of these two conditions. To achieve this objective, we downloaded transcriptome data from GEO and identified common hub genes in both diseases through differentially expressed genes (DEGs) analysis and Weighted Gene Co-Expression Network Analysis (WGCNA) respectively. Furthermore, we employed two machine learning algorithms to identify shared diagnostic genes, with EHF being the key gene, and validated its diagnostic performance in the validation dataset. Finally, the single-gene gene set enrichment analysis (GSEA) and immune infiltration analysis showed that both diseases exhibit abnormal extracellular matrix regulation and associated abnormal immune infiltration. In summary, this study provides a theoretical basis for the potential co-pathogenesis of EMs and RIF and provides a new therapeutic direction for the treatment of infertility in EMs patients.





Materials and methods




Data collection and preparation

A Total of 6 Gene Expression Omnibus Series (GSE) Datasets retrieved from the Gene Expression Omnibus database (GEO) (http://www.ncbi.nlm.nih.gov/geo/) are included in the Study. For EMs, we have chosen normal endometrial samples and ectopic endometrial samples from EMs patients as our study subjects. Specifically, GSE11691, GSE7305, and GSE25628 were selected, with GSE11691 and GSE7305 serving as the training set, and GSE25628 as the validation set. In the case of the GSE11691 dataset, Principal Component Analysis (PCA) results showed GSM296885 as an outlier (Supplementary Figure S1). Consequently, this data has been excluded from subsequent analyses.

Additionally, GSE111974, GSE103465, and GSE92324 represented RIF data, with GSE111974 and GSE103465 serving as the training set and GSE92324 as the validation set. Detailed information of the datasets was provided in Table 1 and the whole workflow was shown in Figure 1.

Table 1 | Datasets information.


[image: Table listing datasets with columns for GSE number, platform, samples, disease, and group. Six entries include diseases like endometriosis and RIF. Groups are either discovery or validation. Platforms include GPL96, GPL570, GPL571, GPL17077, GPL16043, and GPL10558.]
[image: Flowchart showing analysis of EMs and RIF datasets. Two datasets, GSE11691 and GSE7305, form the EMs combined dataset after Combat correction, which splits into control and EMs groups. LIMMA identifies DEGs, and WGCNA identifies key modules, leading to EMs key genes. Similarly, GSE111974 and GSE103465 form the RIF combined dataset. Results in RIF key genes. These intersect to find 48 shared genes, analyzed by machine learning using SVM-RFE and Random Forest, identifying diagnostic hub gene EHF. EHF undergoes GSEA, immune infiltration, and ROC curve validation with GSE25628 and GSE92324 clinical samples.]
Figure 1 | Work flow chart of the entire design. EMs, endometriosis; RIF, Recurrent Implantation Failure; GSE, Gene Expression Omnibus Series; LIMMA, Linear Models for Microarray Data; DEGs, Differentially Expressed Genes; WGCNA, Weighted Gene Co-expression Network Analysis; SVM-RFE, Support Vector Machine- Recursive Feature Elimination; GSEA, Gene Set Enrichment Analysis; ROC curve, The Receiver Operating Characteristic (ROC) curve.

The “limma” R package was utilized for background correction and normalization in each dataset to ensure uniformity in data processing. After merging the data, a PCA was conducted to assess whether batch effects were present among the datasets. The “sva” package was then employed to correct for batch effects introduced by the different datasets.





Identification of DEGs

We utilized the “limma” R package to identify DEGs in control and disease groups for the two diseases. The criteria for DEGs selection were set as P < 0.05 and |logFC| > 1. The selected DEGs were visualized using volcano plots and heatmaps created with the “pheatmap” R package and “ggplot2” R package.





Weighted gene co-expression network analysis

To identify hub gene with potential co-regulatory patterns in the dataset, we employed the “WGCNA” R package to perform hierarchical clustering. First, we clustered the samples and removed the filtered outliers. Following that, the “pickSoftThreshold” function was utilized to calculate the linear correlation between the changes in gene connectivity and the number of genes at different soft-thresholding powers. Here, we set the fit index to 0.85 to obtain the optimal β value for subsequent calculations. Then the “adjacency” function constructed an adjacency matrix, adjacencyExpr, and the “TOMsimilarity” function generated the Topological Overlap Matrix (TOM) based on the gene expression data. Hierarchical clustering was performed using the dissimilarity TOM method. Set the minimum number of genes in the module to 60, and then started dynamic pruning module division. Gene modules were obtained, and similar modules were merged. Finally, a heatmap showing the relationship between traits and modules was plotted, displaying correlation coefficients and P values.

The genes in each module were sorted according to the module feature values, and the genes were filtered based on the gene significance (GS) and modular membership (MM) values. In EMs and RIF, we selected genes with |MM|>0.8 and |GS|>0.6 as hub genes.





Identification of shared gene and GO enrichment analysis

By intersecting the DEGs and WGCNA hub genes of EMs and RIF respectively, the key genes involved in the pathological processes of both diseases were obtained. To further identify the biological processes these genes associated with, we conducted the “clusterProfiler “ R package to perform Gene Ontology (GO) enrichment analysis. The enriched pathways were visualized in a bubble chart, displaying the top 10 enriched pathways.





Machine learning

Two machine learning methods, Support Vector Machine Recursive Feature Elimination (SVM-RFE) and Random Forest (RF), were used to further screen the shared genes between the two diseases.

Firstly, we employed the “RandomForest” R package to identify important genes using the RF algorithm. We constructed a RF model with 500 trees on the training dataset and determined the optimal number of trees through cross-validation error. Finally, genes were ranked according to their importance, and the top 30 most important genes were plotted.

Next, SVM-RFE was employed for further gene selection. Recursive Feature Elimination (RFE) is a backward selection method that starts with all features and recursively removes the least important ones based on the performance of the model. Using the “e1071,” “kernlab,” and “caret” R packages, all 48 genes were initially included in the model, and the optimal number of genes to include in the model was determined through ten-fold cross-validation. SVM-RFE removes one feature each time and calculates Root Mean Square Error (RMSE), which is used to evaluate the error between model predictions and actual observations. The green points in the figure indicated that when the RMSE reaches the minimum value, the corresponding feature subset is considered the best feature set.





Receiver operating characteristic (ROC) curve

With the “pROC” R package, we generated ROC curves to assess the diagnostic performance of the shared diagnostic genes in both the training and validation datasets. Sensitivity and specificity of these genes were calculated respectively. The sensitivity was plotted on the vertical axis, while specificity was plotted on the horizontal axis. The area under the curve (AUC) was calculated to measure the model performance. A higher AUC value indicates better performance.





Single-gene gene set enrichment analysis

First, we divided the data sets of the two diseases into EHF high expression and low expression groups according to the median expression of the shared diagnostic gene EHF, and then compared the differences between the two groups and get the logFC of each individual gene. All genes were then ranked based on their logFC values. Subsequently, “clusterProfiler” R package was used to perform GSEA on the sorted genes, with gene sets obtained from the MSigDB database (c5.go.v2023.1.Hs.symbols.gmt). Finally, the top 5 pathways enriched in each group were displayed using the “enrichplot” R package.





Immune cell abundance analysis

CIBERSORT analysis was performed on each sample in the two diseases. This analysis was based on the principle of linear support vector regression to deconvolve the expression matrix of human immune cell subtypes, so that we can obtain the proportion of immune cells in each sample. LM22 gene expression dataset, which includes data for 22 distinct immune cell types was used to estimate the relative proportions of different immune cell types within complex mixed samples. This dataset can be obtained from the CIBERSORT website (https://cibersort.stanford.edu/).

Following the analysis with the “CIBERSORT” function, we obtained the proportions of 22 immune cell types for each sample. Samples with P < 0.05 were used for subsequent analysis. We then used the “corrplot” R package to visualize the proportions of different immune cells in each sample with bar charts. Additionally, the abundance of each immune cell between the normal group and the disease group in the two diseases was calculated, which was displayed by the violin plot of the “vioplot” R package. Finally, the correlation between each immune cell and the shared diagnostic gene EHF was calculated by spearman test, and the results were presented through lollipop charts created with the “ggplot2” R package.





Human endometrial samples

All endometrial samples were obtained from the First Affiliated Hospital of Soochow University. Ectopic endometrium samples were obtained from EMs patients through laparoscopic procedures. These surgeries were conducted based on clinical indications for the diagnosis and management of endometriosis. The inclusion criteria for this study were as follows: (1) Laparoscopic diagnosis of grade III or IV EMs; (2) Aged 20-40 years old; (3) No hormonal treatment received in the three months preceding sample collection; (4) Exclusion of other uterine or endocrine disorders. RIF samples were collected from secretory phase endometrium of patients who had undergone at least two cycles of IVF, ICSI, or frozen embryo transfers, with a cumulative transfer of at least four high-quality cleavage-stage embryos or two high-quality blastocysts and still failed to implant. PCOS and other uterine or endocrine disorders were excluded. Normal endometrial samples were sourced from healthy women aged 20-40 during the secretory phase of the menstrual cycle.

The collected endometrial samples were processed using Trizol (Vazyme, Nanjing, China) for RNA extraction and then reverse-transcribed into cDNA using HiScript III 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China). Subsequently, quantitative real-time polymerase chain reaction (qRT-PCR) was employed to assess the relative expression levels of EHF in each sample. The primer of the genes we used were showed in Supplementary Table S1.

The results of the qRT-PCR were presented as ΔΔCT values for each sample. The comparison between the two groups was performed using a t-test, and the results were displayed as the mean ± standard error of the mean (SEM). P < 0.05 was considered statistically significant.






Results




Data collection and preparation

After performing background correction and normalization on each data set respectively, we merged the data and corrected for batch effects. The PCA results showed the data before and after correcting for batch effects in EMs (Figures 2A, B) and RIF (Figures 2C, D).

[image: Panel images display various analyses of gene expression data. A-D show Principal Component Analysis (PCA) plots for different dataset groups, indicating distinct clustering. E-F are volcano plots comparing expression changes, with significant genes marked by color. G-H feature heatmaps depicting hierarchical clustering of gene expression for different conditions, with color scales representing expression levels.]
Figure 2 | Data preparation and DEGs identification in EMs and RIF. (A, B) PCA plots showed the expression pattern before batch correction (A) and after batch correction (B) in GSE11691 and GSE7305 of EMs group. (C, D) PCA plots showed the expression pattern before batch correction (C) and after batch correction (D) in GSE103465 and GSE111974 of RIF group. (E, F) Volcano plot showed the DEGs (P < 0.05 and |logFC| > 1) in EMs group (E) and RIF group (F). Blue showed the down-regulated genes and red showed the up-regulated genes. (G, H) Heatmap showed the DEGs (P < 0.05) in EMs group (G) and RIF group (H). Blue showed the down-regulated genes and red showed the up-regulated genes.





Identification of differentially expressed genes

The “limma” R package was utilized to analyze DEGs between the ectopic endometrium of EMs patients and the normal group. The criteria for DEGs selection were set as P< 0.05 and |logFC| > 1. A total of 708 DEGs were identified, consisting of 406 upregulated genes and 302 downregulated genes. Additionally, there were 304 DEGs in the RIF dataset, of which 187 genes were up-regulated, and 117 genes were down-regulated. The overall profiles of these DEGs were depicted through volcano plots and heatmaps (Figures 2E–H), highlighting their significant role in the progression of both EMs and RIF disease.





Identification of key WGCNA modules

To further identify key genes associated with the disease, WGCNA was employed to identify the most disease-relevant modules in the two groups.

In EMs group, an optimal soft threshold of 5 (R2 = 0.85) was selected for constructing a scale-free network, based on calculations of scale-independence and average connectivity (Figure 3A). Subsequently, an adjacency matrix was generated using the adjacency function. As shown in Figure 3B, hierarchical clustering was performed using the TOM dissimilarity measure. The genes were clustered based on their expression correlation and divided into different groups, resulting in a total of 10 gene modules. As shown in Figure 3C, with a significance level of P < 0.05, genes in the Green, Brown, Black, and Turquoise modules were positively correlated with clinical features of the control group and negatively correlated with the EMs group. However, the Purple, Pink, and Red modules exhibited a negative correlation with clinical features of the control group and a positive correlation with the EMs group.

[image: Comparative data visualization displaying two sets of analyses. Panels A and D show line graphs on scale independence and mean connectivity over soft threshold power. Panels B and E present gene dendrograms with module colors. Panels C and F feature heatmaps of module-trait relationships, highlighting correlations with traits like Con, EMs, Control, and RIF across different modules.]
Figure 3 | Weighted gene co-expression network analysis of EMs and RIF. (A) Determination of soft-threshold power in the WGCNA of EMs group. (B) Clustering dendrograms showing modules of highly connected genes within the EMs group. (C) Heatmap of the correlation between the modules and traits of EMs group. Red indicates positive correlations, blue represents negative correlations, and the correlation coefficients and P values are displayed within the individual grid cells. (D) Determination of soft-threshold power in the WGCNA of RIF group. (E) Clustering dendrograms showing modules of highly connected genes within the RIF group. (F) Heatmap of the correlation between the modules and traits of RIF group.

As for RIF group, the selected optimal soft threshold for power was 10 (R2 = 0.85) (Figure 3D). After performing hierarchical clustering using the TOM (Figure 3E), a total of 14 modules were identified. As shown in Figure 3F, with a significance level of P < 0.05, genes in the Darkgray, Darkturquoise, Gray60, Ligntcyan, Greenyellow, and Lightgreen modules were positively correlated with clinical features of the control group and negatively correlated with the RIF group. However, the Darkgreen and Brown modules exhibited a negative correlation with clinical features of the control group and a positive correlation with the RIF group.

Among the selected key modules, a total of 709 genes were identified in the EMs group and 290 genes in the RIF group, satisfying the criteria of |MM| > 0.8 and |GS| > 0.6.





GO enrichment analysis of shared genes

To explore the shared pathological mechanisms between EMs and RIF, we have identified overlapping genes from DEGs and key modules obtained through WGCNA. As shown in Figures 4A and B, it appears that there were 7 genes shared between the DEGs, and 41 genes shared between the key modules identified by WGCNA.

[image: Venn diagrams and a dot plot summarize gene expression data. Diagram A shows 1,328 genes unique to EMs, 100 to RIF, and 7 overlapping. Diagram B shows 668 genes unique to EMs, 249 to RIF, and 41 overlapping, with specific genes listed. The dot plot C visualizes functional enrichment analysis for gene groups with gene ratio, p-adjustment, and gene count depicted by color and size of dots.]
Figure 4 | Identification of shared gene functions. (A) Intersection of DEGs from EMs and RIF. The specific information of the intersection gene is displayed in the box. (B) Intersection of key modules from EMs and RIF. The specific information of the intersection gene is displayed in the box. (C) GO function enrichment analysis of shared genes within boxes from panels A and (B) The X-axis stands for count of genes. The Y-axis represents the enriched pathways.

To further investigate the biological processes associated with these genes, we conducted Gene Ontology (GO) enrichment analysis (Figure 4C). The results indicated that these genes are primarily enriched in biological processes related to regulation of peptidase activity and extracellular matrix structural constituent, suggesting that alterations in extracellular matrix structural components play a significant role in both EMs and RIF.





Identification of shared diagnostic gene

To further identify the genes that serve as potential biomarkers for disease diagnosis or classification, we applied RF and SVM-RFE algorithms to each group.

48 candidate genes were input into the RF algorithm, and the genes were ranked based on their importance scores, as shown in Figure 5A. Subsequently, when screening the 48 candidate genes for EMs using SVM-RFE, it was observed that the RMSE was minimized when the number of genes was set to 22 (Figure 5B). The top 10 genes in the RF ranking were then intersected with the 22 genes selected by SVM-RFE, resulting in a set of 10 overlapping genes (CAV2, RAD51AP1, PAX2, HGD, CWH43, VCAM1, GAS1, NFIB, EHF, MAP2K6) (Figure 5C).

[image: Panel A displays a dot plot ranking variables by MeanDecreaseGini, with CAV2 at the top. Panel B shows a line graph of RMSE versus variables, marking N=22. Panel C features a Venn diagram comparing SVM-REF and RandomForest, highlighting ten shared variables including CAV2 and RAD51AP1. Panel D is another dot plot ranking variables, with ATXN3 at the top. Panel E shows a line graph of RMSE, marking N=6. Panel F has a Venn diagram comparing SVM-REF and RandomForest, highlighting six shared variables like ATXN3 and NDUFA9.]
Figure 5 | Machine learning screens for shared diagnostic genes. (A) Importance ranking of top 30 genes in random forest from EMs. The X-axis stands for the importance score of genes calculated by the Gini coefficient method. The Y-axis represents the names of genes. (B) SVM-RFE algorithm screened 22 diagnostic markers in EMs. The X-axis represents the number of genes included in the model. The Y-axis represents the RMSE value calculated each time a gene is deleted. (C) Intersection of genes selected from RF and SVM-RFE algorithm in EMs. The specific information of the intersection gene is displayed in the box. (D) Importance ranking of top 30 genes in random forest from RIF. (E) SVM-RFE algorithm screened 6 diagnostic markers in RIF. (F) Intersection of genes selected from RF and SVM-RFE algorithm in RIF.

Similarly, for RIF, the RF algorithm results displayed the genes ranked by their importance scores, as depicted in Figure 5D. The SVM-RFE algorithm was applied to the 48 candidate genes, resulting in the identification of 6 hub genes (Figure 5E). The intersection of the top 10 genes from the RF ranking and the 6 genes selected by SVM-RFE yielded a set of 6 overlapping genes, specifically ATXN3, NDUFA9, EHF, TRIAP1, MUC1, and XPA (Figure 5F).





Validation of shared diagnostic genes in training and validation datasets

To further understand the shared physiological processes, we took the intersection of the most diagnostically valuable genes obtained from EMs and RIF (Figure 6A). We found that the diagnostic gene shared between the two conditions was EHF (Ets homologous factor).

[image: Venn diagram (A) shows overlap of EHF expression in EMs and RIF, with one common element. Box plots (B-G) display differential EHF expression in control vs. EMs/RIF groups, with statistical significance indicated. ROC curves (D-I) show training and validation performance with AUC and 95% CI values for EMs and RIF groups.]
Figure 6 | Diagnostic efficacy and verification of shared diagnostic genes. (A) Intersection of diagnostic genes selected from EMs and RIF. (B, C) EHF expression in EMs (B) and RIF (C) training group. (D, E) ROC curve of EHF in EMs (D) and RIF (E) training group. The X-axis represents specificity and the Y-axis represents sensitivity. (F, G) EHF expression in EMs (F) and RIF (G) validation group. (H, I) ROC curve of EHF in EMs (H) and RIF (I) validation group. *P < 0.05, ***P < 0.001.

Next, we assessed the expression levels of EHF in both EMs and RIF. The results revealed that in EMs, the expression of EHF was significantly lower than that in control group (P < 0.001), while in RIF, the expression of EHF was significantly higher than that in control group (P < 0.001) (Figures 6B, C). Additionally, to assess the diagnostic sensitivity and specificity of EHF, ROC analysis was performed separately for EMs and RIF. The results indicated that the AUC for EMs and RIF were 0.959 and 0.844, respectively (Figures 6D, E).

Moreover, we conducted external validation for the expression levels and diagnostic efficacy of EHF in both diseases. For EMs, we utilized the GSE25628 dataset, where the expression of EHF was significantly lower than in the control group (P < 0.001), consistent with the trend observed in the training dataset (Figure 6F). Regarding RIF, we employed the GSE92324 dataset, where the expression of EHF was significantly higher than in the control group (P < 0.05), aligning with the training dataset’s trend (Figure 6G). Subsequently, we also verified the sensitivity and specificity of EHF diagnostic performance in these two validation sets. The results demonstrated AUC values of 1.0 for EMs and 0.760 for RIF (Figures 6H, I). These results indicated that EHF is concurrently involved in the development of both EMs and RIF, with excellent diagnostic efficacy in both conditions.





Single-gene GSEA of EHF

Subsequently, we performed Single-Gene GSEA enrichment analysis on EHF separately for EMs and RIF (Figures 7A, B). The results revealed that the immune response and collagen containing extracellular matrix pathways were activated in both two diseases.

[image: Graphs comparing enrichment scores for gene sets titled "EMs" and "RIF." Each graph shows running enrichment scores for categories like immune response, defense response, and collagen-related processes. The x-axis represents rank in an ordered dataset, and the y-axis shows the running enrichment score. Color-coded lines represent different biological processes, with accompanying ranked list metrics beneath each graph.]
Figure 7 | GSEA for EHF in EMs and RIF. (A) GSEA enrichment analysis for EHF in EMs. The X-axis represents the sorted genes, and the Y-axis represents the corresponding Running Enrichment Score (ES). (B) GSEA enrichment analysis for EHF in RIF.





Immune infiltration analysis of shared diagnostic genes

Since both EMs and RIF exhibit activated immune response-related pathways, we conducted an analysis of the abundance of immune cells in each sample using CIBERSORT. Figures 8A and B displayed the relative abundance of 22 types of immune cells in each sample, revealing significant differences in macrophages, NK cells, and mast cells between EMs and RIF.

[image: Panel A presents a stacked bar chart showing relative proportions of immune cell types in control samples. Panel B shows the same for RIF samples. Panels C and E display violin plots with statistical significance for different immune cell types between Control vs EMS and RIF, respectively. Panels D and F offer correlation coefficient plots with p-values for immune cell types, highlighting significant associations.]
Figure 8 | Immune infiltration analysis of EMs and RIF. (A) Relative abundance of 22 immune cell types in each sample of EMs. (B) Relative abundance of 22 immune cell types in each sample of RIF. (C) Relative expression of each immune cell in the control group and EMs group. (D) Correlation score between EHF and immune cells in EMs group. (E) Relative expression of each immune cell in the control group and RIF group. (F) Correlation score between EHF and immune cells in RIF group.

Compared to the control group, the EMs group exhibited a significant increase in plasma cells, M2 macrophages, and activated mast cells, while T cell follicular helper, Tregs, NK cells, and dendritic cells showed a significant decrease (Figure 8C). Notably, T cells follicular helper, NK cells, monocytes, dendritic cells, B cells memory, and macrophages M1 were significantly positively correlated with EHF expression (P < 0.05), whereas macrophages M2, plasma cells, mast cells, and neutrophils showed a significant negative correlation with EHF expression (P < 0.05) (Figure 8D). In the case of RIF, T cells CD4 memory showed a significant increase compared to the control group, while T cells follicular helper, T cells gamma delta, and dendritic cells exhibited a significant decrease (Figure 8E). Notably, T cell CD4 memory and mast cells were significantly positively correlated with EHF expression (P < 0.05), whereas dendritic cells, macrophages M2, NK cells, T cells follicular helper, and T cells gamma delta were significantly negatively correlated with EHF expression (P < 0.05) (Figure 8F). These results indicate that immune cells play a crucial role in the pathogenesis of both EMs and RIF and are significantly associated with EHF.





Validation of EHF in clinical sample

Furthermore, ectopic endometrial samples were obtained from patients with EMs, and secretory-phase endometrial samples were collected from patients with RIF and healthy controls. The expression of EHF in these tissues was analyzed using qRT-PCR, and the results were consistent with the above data analysis. Compared to the control group, EHF expression was significantly decreased in the EMs group and significantly increased in the RIF group (Figures 9A, B).

[image: Bar charts showing EHF expression levels. Chart A: Higher expression in Ctrl (red) compared to EMs (green) with a significant difference (***). Chart B: Higher expression in RIF (green) compared to Ctrl (red) with a significant difference (**).]
Figure 9 | Validation of EHF expression in EMs and RIF. (A) The relative mRNA expression levels of EHF in normal (n=3) and EMs patients (n=4). (B) The relative mRNA expression levels of EHF in normal (n=3) and RIF patients (n=4). **P < 0.005, ***P < 0.001.






Discussion

While it is now clear that the primary defects in EMs-related infertility are in the ovaries and oocyte quality, further studies have shown that the uterine endometrial receptivity in EMs may also be compromised (6). Prapas et al. conducted a study in which oocytes from the same donor were implanted into women with and without EMs. By eliminating the confounding effects of EMs on oocyte quality, they found a significant reduction in implantation rates among EMs patients (6). Therefore, it is necessary to explore why the endometrial receptivity of patients with EMs is poor and its similarities and differences with the endometrium of patients with RIF.

As for the cause of EMs, the theory of menstrual reflux proposed by Sampson et al. in 1922 is still recognized by most scholars. Takayuki et al. have demonstrated the heterogeneity of the genomic structure of endometrial epithelium by sequencing single endometrial glands (7). Furthermore, through whole-exome sequencing of ovarian endometriotic and normal uterine endometrial epithelium, they observed a significant increase in the mutant allele frequency (MAF) of cancer-related genes within endometrial ectopic epithelium (7). Their findings suggest that endometrial cells already carrying cancer-associated mutations have a selective advantage in retrograde flow at ectopic sites, thereby contributing to the development of EMs. Inversely, Taylor et al. demonstrated that by implanting GFP-labeled mouse uterine endometrial cells into the abdominal cavity of recipient mice, GFP fluorescence also appeared around the eutopic endometrium blood vessels of the recipient mice (14). This finding provides evidence that some ectopic endometrium may potentially be re-implanted into the uterine cavity through circulation, thus affecting the local microenvironment in the uterus. These studies all suggest the dispersion and mobility of eutopic EMs lesions. Hence, we hypothesize that eutopic endometrium in EMs patients is not universally abnormal. Ectopic endometrium appears to more accurately represent the pathological process of EMs.

It is well known that endometriosis lesions are characterized by significant infiltration of immune cells and secretion of large amounts of extracellular matrix due to the menstrual cycle, implantation of foreign tissues and repeated damage and repair of the endometrium at these sites, eventually leading to fibrosis (15). Also, during the endometrial preparation process for embryo implantation, several key events, such as endometrial decidualization, trophoblast chemotaxis, attachment, migration and invasion processes, all involved the transformation of the extracellular matrix. When any issues arise during these processes, it can substantially impact uterine receptivity, leading to RIF. Consistent with these established viewpoints, our intersection of hub genes in these two diseases revealed significant enrichment related to the regulation of peptidase activity and extracellular matrix component composition, which are closely associated with alterations in extracellular matrix components and collagen accumulation. Furthermore, recent studies have suggested that endometrial scratching may improve implantation rates in RIF patients by promoting endometrial receptivity and enhancing extracellular matrix remodeling (16). This finding aligns with our results, highlighting the potential role of extracellular matrix regulation in RIF.

ETS homologous factor (EHF) is primarily expressed in glandular organs and plays a crucial role in the proliferation and differentiation of epithelial cells (17). Currently, the role of EHF in tumor progression has been relatively well-studied. For example, the loss of EHF has been found to promote epithelial-mesenchymal transition and cell migration in conditions such as prostate cancer (18, 19), lung cancer (20, 21), pancreatic cancer, and esophageal squamous cell carcinoma. On the other hand, in gastric cancer (22), thyroid cancer, and ovarian cancer (23), EHF has been shown to promote cell proliferation. Meanwhile, the role of EHF in normal tissues has also been reported. In a study involving whole-body EHF knockout mice, it was found that the EHF transcription factor plays a crucial role in maintaining the homeostasis of normal epidermal and intestinal epithelial cells (24). However, the role of EHF in endometrial epithelial cells is still a subject for future research. Given the excellent diagnostic efficiency of EHF for EMs and RIF, further exploration of the relationship between EHF and these conditions led us to perform single-gene GSEA for EHF in both diseases. The results showed that the Collagen containing extracellular matrix pathway was downregulated in both diseases. Similarly, Peng Hou et al. (24) observed that overexpression of EHF in MGC803 cells (a kind of gastric cancer cells) led to a significant upregulation of MMP-2, -7, -9, and -14, along with decreased E-cadherin expression and increased vimentin expression. This suggests that EHF may contribute to the remodeling of the extracellular matrix (ECM) through the regulation of MMPs, while also influencing the epithelial-to-mesenchymal transition (EMT) process. However, how EHF regulates the ECM in the endometrium remains to be further investigated. Further research is required to investigate the impact of EHF on EMT in EMs ectopic lesions and its role in decidualization in RIF. We propose that EHF could serve as a biomarker for identifying patients at higher risk of implantation failure and as a potential target for therapeutic interventions aimed at improving uterine receptivity. Moreover, the differences in EHF expression between normal endometrium and the endometrium of patients with endometriosis remain to be further explored.

The immune microenvironment system also plays a role that cannot be ignored in EMs (25). Our results indicate an increase in plasma cells within EMs ectopic lesions, suggesting a heightened autoimmune response at the lesion site, which is related to the high recurrence of EMs. Epidemiological studies also showed that patients with EMs have a higher incidence of other autoimmune diseases (26, 27). Tregs have immunosuppressive properties, typically inhibiting or downregulating the induction and proliferation of effector T cells. Studies have suggested that IL-33 derived from endometriotic stromal cells may induce type 2 immune response by stimulating Treg cells to secrete Th2 cytokines and promote lesion progression and local fibrosis formation (28). Additionally, other studies have shown that the abundance of Treg cells is reduced in endometriotic lesions compared to normal endometrium, which exacerbates local inflammation and angiogenesis, and is similarly associated with the progression of endometriotic lesions (29). This finding is consistent with our results. The immune microenvironment influences various stages of disease onset and progression. Further studies are needed to investigate the role of Treg cells in the development of endometriotic lesions. Previous studies have shown that NK cell activity is decreased in EMs patients (30), primarily manifested by reduced cytotoxicity of NK cells from their peripheral blood and peritoneal fluid toward K562 cells (31–33). The main contributing factor may be an increase in the expression of certain inhibitory NK cell receptors (31, 34). In the present study, we found a decreased abundance of NK cells in endometriotic lesions, which may partially explain the survival of ectopic endometrium colonization and impaired elimination. Alongside the reduction in NK cells, M2 macrophages also play a crucial role in the survival of endometriotic implants (35). Due to the decrease in the M1/M2 ratio, there is insufficient cytotoxicity for eliminating endometriotic lesions and a promotion of angiogenesis (36–38). The aberrant infiltration of these immune cells collectively contributes to the abnormal extracellular matrix in the local lesions of EMs, promoting the fibrotic formation of local lesions. Furthermore, it further affects the intrauterine microenvironment, resulting in decreased implantation and pregnancy rates for EMs patients.

The endometrium undergoes a series of complex changes during the menstrual cycle to prepare for embryo implantation, a process that requires precise coordination between the embryo and the endometrium (39, 40). Immune factors, including various immune cell populations and their intricate signaling pathways, are involved in the establishment of immune tolerance or inflammation at the maternal-fetal interface, which can regulate endometrial receptivity and implantation (41). Previous studies have shown that Treg cells were significantly reduced in both peripheral blood and endometrium of patients with RIF. Human chorionic gonadotropin (hCG) can regulate the differentiation of Tregs, thereby affecting the pregnancy outcome in RIF women (42). Furthermore, dendritic cells and Tregs are closely interconnected and mutually influential (43). In our study, however, no significant difference in Tregs expression was observed between normal endometrium and RIF endometrium, while dendritic cells were significantly reduced. Any alteration in these cells can affect other immune cell populations, ultimately disrupting immune homeostasis and normal embryo implantation. Therefore, phenotypic balance within the immune cell population is critical for establishing endometrial receptivity to implantation (39). From this point of view, the eutopic endometrium of EMs needs further study, which is also our future research direction.





Conclusions

In conclusion, our study has identified the shared diagnostic gene EHF in EMs and RIF. We have also explored the common pathological changes in these two diseases, which include alterations in the extracellular matrix and the subsequent changes in the immune microenvironment. Our analysis further deepened the understanding of the underlying pathogenic mechanisms shared between EMs and RIF, offering novel therapeutic avenues for addressing infertility in EMs patients.
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Background

Endometriosis-associated ovarian cancer (EAOC), an aggressive form of malignant ovarian neoplasm with origins in endometriosis (EM), has risen to prominence recently. Despite extensive investigation, the precise pathophysiology remains elusive.This article explores new autophagy-related DEG genes between EM and EAOC, and investigates CXCL12’s expression and prognostic relevance across pan-cancer.





Methods

From Gene Expression Omnibus (GEO), we retrieved gene sequencing data to uncover DEGs. We carried out enrichment analysis, PPI network construction and explored CXCL12’s multi-database expression and prognostic significance employing the analytical tools of ONCOMINE, PrognoScan, GEPIA, and Kaplan-Meier Plotter. Subsequently, assessing the relationship between CXCL12 expression and immune presence in cancer utilizing GEPIA and TIMER. Lastly, CXCL12, IL17, STAT3, and FOXP3 protein expressions were determined through immunohistochemistry analysis in EAOC, EM, and normal endometrial tissues.





Results

Two DEGs were discovered and enrichment analysis indicated virus-cytokine/receptor interactions, chemokine signaling, and cytokine-cytokine receptor interplay as pivotal in EAOC. Notably, cancerous tissues exhibited reduced CXCL12 levels compared with non-malignant tissues across cancers. CXCL12, IL17, STAT3, Th17/Treg ratio, and FOXP3 expressions were also lower in EAOC than EM and normal tissues. Additionally, CXCL12 expression was related to stage, survival, immune subtype, and molecular classification across cancers.





Conclusions

In conclusion, our study implicates CXCL12 and altered Th17/Treg balance in progression from EM to EAOC. CXCL12 emerges as a predictive marker for cancer progression across various tumors and is associated with inflammatory response.





Keywords: endometriosis-associated ovarian cancer, autophagy, integrated bioinformatics approaches, pan-cancer, survival analysis, immune infiltration





Introduction

Endometriosis (EM), an imposing gynecologic disorder, affects approximately 5%-20% of women in childbearing years (1–3). Among those experiencing pelvic pain and infertility, EM prevalence rises to a shocking 30%-50% (4, 5). Its manifestations include tumors, pain, and infertility, severely impacting quality of life and fertility. Like malignant tumors, EM displays traits of invasiveness, adhesivity, and metastasis, heightening concerns about its cancerous potential. In 1925, Sampson first linked EM with ovarian cancer, establishing the diagnostic criteria for Endometriosis Associated Ovarian Cancer (EAOC). These include coexistence of EM and cancer tissue within a lesion, histological correlation between both, and exclusion of other primary tumors. In 1953, ScoR refined these guidelines further, adding histological evidence of EM transition towards malignancy (6). Numerous studies establish stronger links among EM and ovarian cancer, increasing risk of ovarian cancer up to 1.265-2.14 times for EM patients (7, 8), specifically for ovarian clear cell carcinoma (OCCC) and ovarian endometrioid adenocarcinoma (OEC) (9). This risk persists even postmenopausal and EM symptom resolution (10), notably, CKD(chronic kidney disease)history exceeding ten years or primary infertility augments this risk, respectively 2.51 times and 2.72 times higher than non-EM secondary infertility patients (11, 12).

The mechanism of EM evolving into EAOC remains unclear, potentially linked to microenvironmental factors like immune and inflammation responses, excess estrogen, oxidative stress, or specific gene mutations and alterations such as ARID1A, PTEN, PIK3CA and KRAS) (13–17). Autophagy, a highly conserved metabolic process in eukaryotes, plays pivotal roles in stress response and maintaining cellular homeostasis (18). It not only influences the progression of endometriosis (19) but potentially contributes to ovarian cancer through cell behavior changes like drug resistance, dormancy, and stemness maintenance (20).

Consequently, exploring autophagy’s effects on ovarian cancer related to endometriosis is crucial for understanding this correlation and developing novel therapeutic strategies.





Materials and methods




Data sources

Utilizing the Gene Expression Omnibus (GEO) genomic database (http://www.ncbi.nlm.nih.gov/geo), keyword searches for “endometriosis” and “endometriosis-associated ovarian cancer” identified two gene expression datasets meeting our selection criteria: GSE57545 and GSE157153. These datasets were sourced fromGPL18671 and GPL17303 platforms respectively (21, 22).





Selection of differentially expressed genes

Networkanalyst (https://www.networkanalyst.ca/NetworkAnalyst/faces/home.xhtml) was utilized for differential expression gene (DEG) assessment in comparing nonmalignant endometriosis and endometrioma-associated ovarian carcinoma tissue (23). Genes exhibiting an adjusted P-value <0.05 and a log fold change (|logFC|) >1 were deemed DEGs. The Autophagy Database HAMdb2 (http://hamdb.scbdd.com/home/index/) was employed (24), cross-referencing with datasets GSE57545 and GSE157153 to identify autophagy-linked DEGs. The ggplot2 (version 3.3.6) package within R software was utilized to plot the DEG volcano plot. Online tool Funrich (http://funrich.org/) generated the DEG Venn diagram (25).





Construction of protein-protein interaction networks and GO/KEGG analysis

GeneMANIA (http://www.genemania.org), a database for elucidating protein-protein interaction (PPI) networks, was employed to construct networks encompassing functionally correlated genes from existing genomics and proteomics datasets (26).Gene functional analysis by GO, KEGG enrichment scrutiny was conducted on genes closely connected to CXC chemokine ligand-12 (CXCL12), sourced from STRING utilizing the “clusterProfiler” and “org.Hs.eg.db” packages in R (27).GO and KEGG pathway enrichments were performed with a p-value threshold of < 0.01, showing outcomes in a ggplot2 bubble chart format.





Differential expression analysis of CXCL12

Data comprising 11,315 cancerous tissue and matched healthy counterparts from TCGA (https://www.cancer.gov/aboutnci/organization/ccg/research/structural-genomics/tcga) and mRNA patterns in 31 GTEx (https://commonfund.nih.gov/GTEx) derived tissues were utilized. We assessed CXCL12 expression levels across these 31 normal and 33 cancer tissues and compared them against their matched controls. Significance testing using log2 transformation and t-tests revealed expression variances significant at a p-value lower than 0.05. Data processing tasks were executed via R software (version 4.2.1, https://www.Rproject.org), incorporating the ‘‘ggplot2’’ package for graphical representation.





Immunohistochemistry staining of CXCL12

CXCL12 protein quantification was accessed through the CPTAC database via UALCAN (http://ualcan.path.uab.edu/) (28).The Human Protein Atlas (https://www.proteinatlas.org/), a comprehensive database, catalogs protein distributions in human tissues and cells (29).Evaluating CXCL12 protein expression, we accessed immunohistochemistry data obtained from HPA’s repository of 15 tumor and matched normal tissue specimens.





Analysis of the diagnosis value of CXCL12

ROC analysis on CXCL12 in 33 cancers evaluated its applicability as a diagnostic tool. mRNA expressions of CXCL12 in TCGA and GTEx somatic tumors and their corresponding adjacent healthy tissue were utilized for these assessments. ROC curves were developed using R’s “pROC” package (v1.17.0.1). Additionally, area under curve (AUC), cutoffs, sensitivities, specificities, positive predictive values, negative predictive values, and Youden’s index (YI) were calculated. An elevated AUC reflects superior diagnostic capability. An AUC between 0.5 and 0.7 denotes poor accuracy, 0.7 to 0.9 marks fair accuracy, with an AUC of 0.9 or above signifying stellar accuracy. High YIs indicate more effective patient-screening methods (30, 31).





Analysis of the relationships between CXCL12 and prognosis

Accessing TCGA downloads enabled us to explore correlations between CXCL12 expression and patient outcomes: overall survival (OS), disease-specific survival (DSS), and progression-free interval (PFI). For survival analysis per cancer type, the Kaplan–Meier method and log-rank test were utilized. We leveraged R packages “survival” and “survminer” for visualization of survival curves. Additionally, “forestplot” was used to determine the pan-cancer association between CXCL12 expression and survival.





CXCL12 expression in different molecular and immune subtypes of cancers

Investigating associations between CXCL12 expression and subtype classifications within 33 cancers entailed utilization of the “subtype” module of TISIDB, a comprehensive resource that integrates diverse datasets related to tumor-immune system interplay (32). Investigated CXCL12 mRNA expression among unique immunological subtypes: C1 (wound healing), C2 (IFN-g dominant), C3(inflammatory), C4 (lymphocyte deplete), C5 (immunologically quiet), and C6 (TGF-b dominant).





Analysis of the promoter methylation of CXCL12

UALCAN (http://ualcan.path.uab.edu/), a comprehensive web interface, facilitated in-depth transcription factor (TF) deregulation evaluation of TCGA gene expression profiles. This research application utilized UALCAN to scrutinize promoter methylation status of the chemokine CXCL12 across diverse cancer types.





The gene set cancer analysis

The GSCALite platform (http://bioinfo.life.hust.edu.cn/web/GSCALite/) synthesizes genomic data on 33 cancers from TCGA with drug response data from GDSC, CTRP, along with GTEx’s normal tissue info, for streamlined gene set evaluation (33).Utilizing this platform, we examined the alterations to well-known cancer-involved pathways in the 33 cancer variations of CXCL12, specifically focusing on TSC/mTOR, RTK, RAS/MAPK, PI3K/AKT, ER, AR, EMT, DDR, Cell Cycle, and Apoptosis pathways.





Relationship between CXCL12 expression and immunity

CIBERSORT, an agnostic metagenomic tool, derived relative expression scores for 24 immunity cells in 33 tumor samples to define their immunocyte phenotype. Moreover, R “ggplot2” and “ggpubr” packages determined correlation coefficients between CXCL12 and infiltrating immune subset levels. Additionally, co-expression profiles of CXCL12 with immunity-associated genes coding for MHC, immune activation, suppression, chemokines, and receptors, were evaluated.





Correlation of CXCL12 expression with DNA methylation

UALCAN (http://ualcan.path.uab.edu/) serves as an interactive web portal enabling extensive analysis of TCGA gene expression data. Utilizing UALCAN, this investigation examined the promoter methylation status of CXCL12 across diverse cancer types. cBioPortal (http://www.cbioportal.org/), a comprehensive resource that incorporates TCGA’s tumor gene datasets, provides researchers with multi-dimensional data visualization (34). Utilizing cBioPortal, we mined data from 32 cancers comprising 10,953 samples for further investigation. On “OncoPrint” and “Cancer Type Summaries”, we explored mutations in the CXCL12 gene across various tumor types and their profiling. “OncoPrint” displayed the target gene’s mutation, copy number, and expression patterns via heat maps, while “Cancer Type Summaries” illustrated the gene’s mutation rates in general carcinomas through bar charts.





Immunogenomic analyses of CXCL12 in the 33 cancers

The GSVA module coupled with ssGSEA analytics investigated the link between CXCL12 expression and tumor infiltrating lymphocytes, immunomodulators, suppressors, MHC molecules, chemokines, and their respective receptors across 33 cancers. This analysis utilized Spearman’s rank correlation method; p-values below 0.05 were designated as statistically significant. Subsequently, ggplot2 package generated heatmap visualizations.





Immunohistochemistry of 54 clinical cases

We procured FFPE archives from 26 EAOC tissues, 10 EM, and 18 control endometrial tissues at the West China Secondary Hospital. The procedure involved deparaffination, dehydration, citrate buffer antigen retrieval via microwave, 3% H2O2 treatment, and overnight incubation with anti-human CXCL12, IL17, STAT3, FOXP3 antibodies (Proteintech, Wuhan, China). Next, the sections were incubated with secondary antibody at room temperature for 2 hours. DAB kit (Solarbio, Beijing, China, DA-1010) was employed for color development. Randomly selected fields were observed under microscope, scoring the intensity of positive cells on a scale of 0-3 (0 = faint; 3 = strong), and the staining extent as follows: 0 = < 5%; 1 = 5-25%; 2 = 26-50%; 3 = 51-75%; 4 = 76-100%. The final IHC staining score was obtained by multiplying these two values, defining positivity as a score > 2.






Results




Identification of differentially expressed genes associated with autophagy DEG

GSE57545 dataset obtained 130 differentially expressed genes, including 117 up-regulated genes and 13 down-regulated genes, and GSE157153 dataset obtained 3824 differentially genes including 1350 up-regulated genes and 2474 down-regulated genes. Two gene products were identified after intersecting the DEGs in GSE57545, GSE157153, and autophagy-associated genes, and we selected CXCL12 as the differentially expressed genes of autophagy-related genes and further analyzed it as key gene (Figure 1).

[image: Volcano plots A and B show gene expression data from datasets GSE57545 and GSE157153, respectively, with upregulated genes in red and downregulated in blue. Plot A highlights 47 up and 8 down, with CXCL12 downregulated. Plot B highlights 2481 up and 2106 down, with CXCL12 downregulated. Panel C is a Venn diagram showing overlap between GSE57545, GSE157513, and Autophagy, with overlapping intersections labeled.]
Figure 1 | Volcano plots exhibit DEGs of (A) GSE57545, (B) GSE157153; (C) The Venn diagram depicts the common DEGs among GSE57545, GSE157153 and autophagy-related genes.





Expression landscape of CXCL12

Remarkably, CXCL12 exhibited elevated expression in adipose, endometrial, spleen, and smooth muscle tissues, whereas placental and cerebral cortex showed reduced levels (Figure 2).

[image: Panel A presents a comparison of RNA and protein expression across various tissues, displayed with colored markers. Panel B shows a violin plot illustrating bulk tissue gene expression for CXCL12, indicating variability among tissues. Panel C is a bar chart depicting mRNA expression levels in the Human Protein Atlas dataset, ranked from highest to lowest nTPM values across different tissues.]
Figure 2 | RNA and protein expression profile of CXCL12 in human organs and tissues. (A) The summary of CXCL12 mRNA and protein expression in human organs and tissues; (B) CXCL12 mRNA expression summary in different human organs and tissues based on GTEx dataset; (C) CXCL12 mRNA expression summary in different human organs and tissues based on HPA dataset.





Pan-cancer mRNA expression of CXCL12

Results indicated reduced CXCL12 levels in tumor compared to their respective control tissues, including BLCA, BRCA, CESC, CHOL, COAD, ESCA, HNSC, KICH, KILC, KILP, LIHC, LUAD, LUSC, PRAD, READ, STAD, THCA, UCEC, ACC, OV, SKCM, UCS. It was increased in DLBC, LAML, LGG, TGCT. When comparing GBM, PAAD, PCPG and their normal tissues, there were no significant differences in CXCL12 gene expression levels. Among the paired sample analyses, CXCL12 mRNA expression was decreased in BLCA, BRCA, CHOL, COAD, HNSC, KICH, KIRC, KIRP LIHC, LUAD, LUSC, PRAD, READ, STAD, THCA, UCEC. There was no difference shown in CESC, ESCA, PAAD, PCPG (Figure 3).

[image: Three panels showing CXCL12 expression levels in various cancer types. Panel A: Box plots comparing CXCL12 expression in normal versus tumor tissues across multiple cancer types. Panel B: Line graph illustrating expression differences between normal (blue) and tumor (red) samples for several cancers, marked with significance levels. Panel C: Box plots highlighting CXCL12 expression differences between normal and tumor tissues for specific cancers like ACC, DLBC, LAML, LGG, OV, SKCM, TGCT, and UCS, with significance indicated.]
Figure 3 | The expression of CXCL12 mRNA in pan-cancer. (A) Expression of CXCL12 between the 33 cancers and normal tissues in unpaired sample analysis; (B) Expression of CXCL12 between the 33 cancers and normal tissues in paired sample analysis; (C) Paired sample analysis of CXCL12 mRNA expression between 8 cancers and normal tissues in ACC, DLBC, LAML, LGG, OV, SKCM, TGCT and UCS. (*p < 0:05, **p < 0:01, ***p < 0:001, ns, Not Significant).





Pan-cancer protein expression of CXCL12

The CXCL12 protein expression is reduced in LUAD, UCEC,BRCA, KIRC, OV, LIHC, COAD, PAAD, HNSC compared to normal tissue (Figure 4).

[image: Box plots and histological images display protein expression of CXCL12 across various cancers. Panels A-I depict lung adenocarcinoma, uterine corpus endometrial carcinoma, breast cancer, clear cell renal cell carcinoma, ovarian cancer, intrahepatic cholangiocarcinoma, colon cancer, pancreatic adenocarcinoma, and head and neck squamous carcinoma. Each panel shows expression data in normal and tumor tissues, with statistical significance indicated by asterisks. Histological images provide visual comparison between normal and cancerous tissues, highlighting differences in protein expression.]
Figure 4 | Expression of CXCL12 in tumor tissues and normal tissues of different cancers in TCGA database (left), immunohistochemical image of CXCL12 in normal tissues in HPA database (middle), and immunohistochemical image of CXCL12 in tumor tissues in HPA database (right). (A) LUAD; (B) UCEC; (C) BRCA; (D) KIRC; (E) OV; (F) LIHC; (G) COAD; (H) PAAD; (I) HNSC. (*P<0.05, **P<0.01, ***P<0.001).





The expression of CXCL12 in different stage

CXCL12 expression reduces in initial stages of tumor during our study on its staging correlation, including BLCA, STAD, LUAD, LIHC, COADREAD, CESC,HNSC, BRCA, OV and UCEC indicating that CXCL12 potentially offers substantial clinical utility for diagnosing these tumors at an early stage (Figure 5).

[image: Box plots show CXCL12 expression across different cancer types and pathological stages: BLCA, STAD, LUAD, LIHC, COADREAD, CESC, HNSC, BRCA, OV, UCEC. Each panel compares normal and pathological stages T, N, M. Significant differences are indicated by asterisks.]
Figure 5 | Association between CXCL12 expression and tumor stage. (*p < 0.05, **p < 0.01, ***p < 0.001. ns, not statistically significant).





The diagnostic value of CXCL12 in the 33 cancers ROC

As shown in Figures 6, CXCL12 has a good diagnostic value in a variety of cancers. Its AUC was greater than 0.7 in 13 cancers and even exceeded 0.9 in 7 cancers including CESC (AUC = 1), BLCA (AUC = 0.907), LUAD (AUC = 0.912),LIHC (AUC = 0.932), COADREAD (AUC = 0.964), UCEC(AUC = 0.953), BRCA (AUC = 0.944), PAAD (AUC = 0.715), STAD (AUC = 0.703), SKCM (AUC =0.737), THCA (AUC = 0.866), OSCC(AUC = 0.722), OV (AUC = 0.779), ESCA (AUC =0.626),CHOL(AUC = 0.692),HNSC (AUC = 0.697),PRAD (AUC = 0.688) (Figure 6).

[image: Seventeen ROC (Receiver Operating Characteristic) curves for different cancer types, each labeled with CXCL12, displaying varying AUC (Area Under the Curve) values. The graphs assess sensitivity and specificity, showing performance metrics like AUC and CI (Confidence Interval) for cancer types such as ESCA, BLCA, PAAD, CHOL, and BRCA, among others. Each curve is plotted with sensitivity (true positive rate) on the y-axis and 1-specificity (false positive rate) on the x-axis, alongside a diagonal reference line.]
Figure 6 | AUC of ROC curves verified the diagnosis performance of CXCL12 in the TCGA cohort.





Survival analysis of CXCL12 in the 33 cancers OS

The results suggest that for BLCA’s 33 cancers, CXCL12 acts as a significant risk factor for DSS.The result found that high CXCL12 groups have statistically better OS than those for the low CXCL12 groups in CCSK, LUAD, LIHC, LARC, CESE. However, the low CXCL12 groups show statistically better OS than high CXCL12 groups in BLCA, STAD, KIRP, LUSC, OV (Figure 7).

[image: Panel A shows two forest plots detailing hazard ratios (HR) with 95% confidence intervals (CI) for various cancers, comparing progression-free interval (PFI) and disease-specific survival (DSS). Panel B displays Kaplan-Meier survival curves for different cancers, illustrating the impact of CXCL12 expression on survival probability over time, with significant differences noted for various cancers in terms of HR and log-rank p-values.]
Figure 7 | Association between CXCL12 expression and overall survival (OS). (A) Forest plot of PFI,DSS,OS associations in 33 types of tumor. (B) Kaplan-Meier analysis of the association between CXCL12 expression and OS.





CXCL12 expression in different immune and molecular subtypes of the 33 cancers

For molecular subtypes, CXCL12 expresses significantly differently in 13 cancer types, including ACC, BRCA, GBM, HNSC, KIRP, LIHC, LUSC, OV, PCPG, STAD, UCEC, LGG, PRAD (Figure 8). Results indicate significant divergence between immune subtypes in ACC (six subtypes), BLCA (six subtypes), BRCA (six subtypes), CESC (three subtypes), ESCA (six subtypes), GBM (three subtypes), HNSC (six subtypes), KICH (four subtypes), KILC (six subtypes), KIRP (six subtypes), LGG (four subtypes), LICH (five subtypes), LUAD (five subtypes), lusc (five subtypes), OV (four subtypes), PAAD (five subtypes), UVM (three subtypes), PCPG (five subtypes), PRAD (four subtypes), SARC (five subtypes), SKCM (five subtypes), STAD (five subtypes), tgct (four subtypes), THCA (five subtypes), UCEC (five subtypes) (Figure 9).

[image: Seventeen violin plots (A-Q) display gene expression levels (log2CPM) across various subtypes for different cancers. Each panel represents a different cancer type and subtype classification. Statistical values, including Kruskal-Wallis test results and sample sizes, are provided for each plot. The x-axes label subtypes, and the y-axes show expression levels. The colors distinguish different subtypes, with central boxes indicating interquartile ranges and median values represented by central lines.]
Figure 8 | Correlations between CXCL12 expression and molecular subtypes in 17 cancers. (A) CIMP, CpG Island Methylator Phenotype; (B) Basal: ER-PR-Her2-, Her2: Her2+, LumA: ER+, LunB: ER+Her2+; (C) CIN, Chromosomal Instability; GS, Genomically Stable; HM-SNV, Hypermutated-Single Nucleotide Variant; HM-indel, Hypermutated-Insertion Deletion; (D) G- CIMP, Glioma-CpG island methylator phenotype; (E) HNSC, Head and Neck Squamous Cell Carcinoma; (F) KIRP, Kidney Papillary Rell Rarcinoma; (G) LIHC, Liver Hepatocellular Carcinoma; (H) LUSC, Lung Squamous Cell Carcinoma; (I) OV, Ovarian Cancer; (J) PCPG, Pheochromocytoma and Paraganglioma; (K) READ, Rectum Adenocarcinoma; CIN, Chromosomal Instability; GS, Genomically Stable; HM-SNV, Hypermutated-Single Nucleotide Variant; HM-INDEL, Hypermutated-Insertion Deletion; (L) SKCM, Skin Cutaneous Melanoma; (M) STAD, Stomach Adenocarcinoma; CIN, Chromosomal Instability; EBV, Epstein-Barr Virus; GS, Genomically Stable; HM-SNV, Hypermutated-Single Nucleotide Variant; HM-INDel, Hypermutated-Insertion Deletion; (N) UCEC, Uterine Corpus Endometrial Carcinoma; CN-HIGH, Copy Number High; CN-LOW, Copy Number Low; MSI, Microsatellite Instability; POLE, Polymerase Epsilon; (O) ESCA, Esophageal Squamous Cell Carcinoma; CIN, Chromosomal Instability; ESCC, Esophageal Squamous Cell Carcinoma; GS, Genomically Stable; HM-SNV, Hypermutated-Single Nucleotide Variant; HM-INDEL, Hypermutated-Insertion Deletion; (P) LGG, Lower Grade Glioma; G-CIMP, Glioma CpG Island Methylator Phenotype; (Q) PRAD, Prostate Adenocarcinoma; ERG, Erythroblast Transformation-Specific Gene.

[image: Grid of twenty-four violin plots showing gene expression levels for various subtypes labeled C1 to C6. Each plot displays expression in log2CPM, highlighting differences among subtypes for different conditions or genes, with statistical test results indicated above each plot.]
Figure 9 | Correlations between CXCL12 expression and immune subtypes in 30 cancers. C1 (wound healing), C2 (IFN-g dominant), C3 (inflammatory), C4 (lymphocyte deplete), C5 (immunologically quiet), and C6 (TGF-b dominant).





Genetic mutations of CXCL12

A total of 17 sites from amino acid positions 0 to 93 exhibited mutation activity, including 13 missense, two truncation, one splice, one fusion (SV) and most predominantly, K75E/T (Missense). The predominant mutation categories identified included Missense, Amplification, and Deep Deletion. Notably, CXCL12’s gene alteration across various tumor tissues was assessed using this platform; amplifications being the most prevalent. Mutations of CXCL12 notably occurred more frequently in HNSC and UCEC. Deep deletions were prevalent in PRAC, Sarcoma, and BRAC among the 32 cancers examined. Furthermore, an investigation into the correlation between CXCL12 genetic alternations and clinical survival outcomes in ovarian cancer revealed poorer prognoses amongst patients with altered CXCL12 (Figure 10).

[image: Graphical figures display genetic and survival data across three panels. Panel A is a bar chart showing patient count per mutation in the IL8 gene. Panel B is a stacked bar chart illustrating alteration frequencies, including mutation, amplification, and deep deletion in various cancer types. Panel C is a Kaplan-Meier survival curve comparing overall survival between altered and unaltered groups over months, with accompanying risk numbers.]
Figure 10 | Mutation feature of CXCL12 in different tumors of TCGA. We analyzed the mutation features of CXCL12 for the TCGA tumors using the cBioPortal tool. The alteration frequency with mutation site (A) and mutation type (B) are displayed. (C) We also analyzed the potential correlation between mutation status and overall survival of OV using the cBioPortal tool.





Promoter methylation levels of CXCL12

Figure 11 illustrates elevated CXCL12 promoter methylation in 17 tumor groups compared to controls (Figure 11).

[image: Box plots showing promoter methylation levels of CXCL12 across various cancer types in TCGA samples. Each plot compares normal tissue (blue) with primary tumor tissue (red). Cancer types include BLCA, BRCA, CESC, CHOL, COAD, ESCA, GBM, HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, PAAD, PCPG, PRAD, READ, SARC, STAD, THCA, THYM, and UCEC. Methylation levels are consistently higher in primary tumors compared to normal tissues.]
Figure 11 | The promoter methylation level of CXCL12 in cancers.





The PPI, functional enrichment of CXCL12 in cancers

We identified 21 genes in tight correlation with CXCL12, forming a PPI network. Analysis revealed GO/KEGG enrichments among these genes. Three major classifications under RNA function include biological process (BP), molecular function (MF), and cellular component (CC). Key GO terms relevant to BP include chemokine signaling pathway, cell response to chemokines, and response to chemokines. For CC, they encompass external side of plasma membrane, platelet alpha granule lumen, and platelet alpha granule. As for MF, they involve chemokine activity, chemokine receptor binding, and cytokine activity. Top KEGG pathways include Viral protein interaction with cytokine and cytokine receptor, Chemokine signaling pathway, and Cytokine-cytokine receptor interaction. Pathways activated by CXCL12, predominantly in cancer cells, include EMT, hormone ER, PI3K/AKT, RAS/MAPK, RTK, and TSC/mTOR. Conversely, apoptosis, cell cycle, DNA damage, hormone AR, and RTK are suppressed (Figure 12).

[image: A: Network interaction diagram showing connections among various molecules with functions like "cytokine activity" and "chemokine receptor binding". B: Dot plot illustrating gene enrichment analysis with categories like "cellular response to chemokine" and "cytokine activity", using GeneRatio and p-adjusted values. C: Bar graph representing pathway activation and inhibition with CXCL12, highlighting percentages of inhibition and activation across pathways like "Apoptosis" and "EMT".]
Figure 12 | The gene-gene interaction network of CXCL12 from GeneMANIA;(B) GO/KEGG pathway enrichment for CXCL12 and closed interact genes; (C) CXCL12 with pathway activity or inhibition.





Functional states of CXCL12 in scRNA-Seq datasets

Negative relationships between CXCL12 and key biological processes such as cell cycle, DNA damage/repair, epithelial-to-mesenchymal transition (EMT), hypoxia, invasion, metastasis, proliferation, and quiescence suggested potential tumor suppressor roles for CXCL12. Examining CXCL12’s correlation with specific cancer functions revealed positive links with inflammation, differentiation, and angiogenesis in retinoblastoma (RB) but negative correlations with DNA repair, DNA damage, and cell cycle. In osteosarcoma (OG), CXCL12 was positively associated with inflammation, metastasis, cell cycle, differentiation, hypoxia, and negatively related to DNA repair, DNA damage, and invasion (Figure 13).

[image: Various data visualizations depict correlations between gene expressions and biological processes across different cell types and conditions. Panel A shows a dot plot correlating specific cancers with various traits, using different colors and sizes to indicate correlation strength and direction. Panels B to H provide detailed line graphs and heatmaps for specific gene processes, showing correlations, expression levels, and significance indicated by p-values. Each panel includes accompanying numeric data and color scales for interpretation.]
Figure 13 | The correlation of CXCL12 with functional state in cancers. (A) The interactive bubble chart present correlation of CXCL12 with functional state in76 cancers; The correlation of CXCL12 with functional state in (B) UM, (C)RB, (D) ODG, (E) Glioma, (F) AML, (G) GBM, (H)BRCA. (***p < 0.001, **p < 0.01, *p < 0.05).





Immunogenomic analyses of CXCL12 in the 33 cancers

Results indicated a significant positive correlation between CXCL12 and most immune cells across 33 cancers, notably SKCM, KICH, UVM. Notably, CXCL12 displayed a positive correlation with most immunostimulators, excluding KIR2DL1 and KIR2DL3, specifically in HNSC, KIRC, KIRP, LIHC, STAD, THCA, and UVM. A positive correlation with most MHCs was observed in KICH, UVM, SKCM, LUSC, CHOL, while a negative correlation with most MHCs was seen in UCS and STAD. Positive correlations were found between CXCL12 and most cytokines in COAD, KIRC, LGG, LIHC, PRAD, THCA, and UVM. Concerning cytokine receptors, CXCL12 exhibited a positive correlation with most in HNSC, KIRC, LIHC, PRAD, THCA. Utilizing TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, XCELL, MCPCOUNTER, and EPIC algorithms, we examined the potential link between CXCL12 expression and immune cell infiltration in various TCGA cancer types. Analysis revealed a statistically significant positive correlation between Treg cell infiltration and CXCL12 expression in HNSC, READ, SKCM using multiple algorithms. Conversely, a negative correlation was observed between Th1 cell infiltration and CXCL12 expression in most tumor types. Scatterplot data demonstrated a positive correlation between CXCL12 expression in OV and infiltration by T cell CD4+ naive and memory as per the XCELL and CIBERSORT algorithm, and a negative correlation with T cell CD4+ Th1 infiltration as per the XCELL algorithm (Figures 14, 15).

[image: Heat maps showing six panels labeled A to F, each representing different gene expression categories: TILs, Stimulator, MHC molecule, Inhibitor, Chemokine, and Chemokine receptor. Intensity varies from red to blue, indicating expression levels.]
Figure 14 | Correlation of CXCL12 with TILs and immunoregulation-related genes in 33 cancers. Correlations between CXCL12 expression and (A) TILs, (B)Immunostimulators, (C) MHC molecules, (D) Immunoinhibitors, (E) Chemokines, (F) Chemokine receptors. (*p < 0.05, **p < 0.01).

[image: Heatmap and scatterplots analyzing the correlation between CCL12 expression and immune cell infiltration in various cancer types. Panel A and B display partial correlation coefficients with color-coded significance levels for different immune cells. Panel C presents scatterplots showing the relationship between CCL12 expression and infiltration levels across immune cell types, highlighting significant negative correlations with varying infiltration levels, aided by regression lines.]
Figure 15 | Correlation analysis between CXCL12 expression and immune infiltration of Treg cell (A) and CD4+ T cell (B) across all types of cancer in TCGA. Different algorithms were used to explore the potential correlation between the expression level of the CXCL12 gene and the infiltration level of Treg cell and CD4+ T cell in OV (C).





Immunohistochemical

Immunohistochemistry revealed markedly decreased CXCL12, IL17, STAT3 levels and elevated FOXP3 expression in 26 EAOC samples compared with both EM and control endometrial tissue (Figure 16). Moreover, a reduced Th17/Treg ratio was seen in EAOC (1.045 ± 0.119) as opposed to EM (0.951 ± 0.100) and controls (0.934 ± 0.143).

[image: Four panels, A to D, display graphs and immunohistochemical images comparing protein expression levels in control, endometriosis (EM), and endometriosis-associated ovarian cancer (EAOC) samples. Each panel includes a scatter plot depicting expression data (AOD ratio) with statistical significance marked by asterisks. Adjacent images show corresponding tissue staining for each group: Control, EM, EAOC. Panel A shows CXCL-12 expression, Panel B shows STAT3 expression, Panel C shows IL-17 expression, and Panel D shows Foxp3 expression.]
Figure 16 | Expression of CXCL12 (A); STAT3 (B); IL-17 (C); FOXP3 (D) in EAOC, EM and normal endometrium tissues.






Discussion

Endometriosis, a women’s reproductive age disorder with ectopic endometrium growth, is linked to elevated rates of some malignancies, notably EAOC. Although uncommon, ovarian cancer incidence escalates among endometriosis sufferers, primarily for endometrioid and clear-cell types (13, 35). Autophagy is an essential process in cells, responsible for the recycling and degradation of damaged organelles or unwanted macromolecular complexes. It’s a highly conserved catabolic pathway evolutionarily speaking (36). There’s a complex link between endometriosis and ovarian cancer, with autophagy playing crucial roles in both conditions’ progression. It’s involved not just in endometriosis but also impacts ovarian cancer cells’ behavior, potentially aiding the latter’s growth through influences such as drug resistance, dormancy maintenance, or stem cell properties preservation (37). Hence, delving into the role and mechanism of autophagy in ovarian cancers linked to endometriosis bears significance in understanding these two diseases’ connection and devising novel treatments.

GEO, Networkanalyst, and autophagy-specific genes identification were employed to detect significant autophagy-associated DEGs in endometriosis versus EAOC. Our results indicate lower CXCL12 expression in EAOC patients, distinct from endometriosis.

Indeed, chemokines, a category of small, protein molecules exerting chemoattractant effects, are synthesized by tumorigenic and stromal cells, which can be regulated by chemical inducers and cytokines to stimulate the chemotactic motility of cells. Based on the position of cysteine (C) residues, chemokines can be classified into four categories: CXCCCC and CXC3. Cytokine receptors, part of the G protein-coupled receptor superfamily(GPCRS) and are classified into CXCRCCR, CR and CX3CR based on their ligand specificity (38). Aberrant expression of CXCL12/CXCR4 has been observed in diverse tumor types, and are believed to act as a crucial chemokine-chemokine receptor in promoting tumor growth.CXCL12 and CXCR4 have direct or indirect effects on tumor development. On one hand, CXCL12/CXCR4 stimulation initiates multiple signaling cascades regulating Ca2+ flux, migration transcription, and cellular viability (39). On the other hand, they affect tumor development through direct or indirect effects. The key role of CXCL12 and its receptor, CXCR4, is in regulating the accumulation of stromal and immune cells within the microenvironment (TME).This process leads to the formation of a specific immune microenvironment that significantly impacts tumor growth, invasion, metastasis, angiogenesis, and drug resistance (40). The gene CXCL12, also recognized as stromal cell-derived factor 1 (SDF-1), resides on chromosome 10q11 of the human genome. It is widely expressed in different tissues and plays a crucial role in embryogenesis, angiogenesis, immune cell generation and recruitment of stem cells (41). CXCL12 has the ability to bind to both CXCR4 and CXCR7 receptors. Bioinformatic scrutiny revealed the pivotal role of CXCL12 in pan-cancer. Our research assessed CXCL12 mRNA and protein levels in diverse human specimens, critically comparing these to cancerous states. We evaluated the diagnostic and predictive implications of CXCL12 expression in varied forms of cancer, together with delineating its variation in various immune cell subsets therein. CXCL12’s predominant variants and corresponding sites were pinpointed. PPI regulatory networks for CXCL12 were strategically designed, investigating its activation/inhibition mechanisms, revealing its enriched functional pathways, and assessing its activity at a cellular level in select cancers. Lastly, a correlation study was performed examining CXCL12 expression and immune cell infiltration in multiple cancer types.

Cancer research is a prevailing theme in contemporary medicine. We used 33 cancer datasets from TCGA and CCLE platforms to uncover potential biomarkers for comprehensive cancer diagnosis via gene expression disparity analysis. The primary focus was on CXCL12, examined comprehensively within multiple cancers. This pan-cancer analysis revealed its substantial downregulation in numerous cancer types and its differing expression levels between malignant and healthy tissue. Its useful application for early detection, regulatory mechanisms, and associated genes were also discussed. Emerging evidence suggests a correlation between CXCL12 and disease states, notably tumors. The precise role of CXCL12 in tumorigenesis through shared molecular pathways requires further exploration. To our knowledge, no prior studies have conducted a pan-cancer analysis of CXCL12 across diverse tumor types.

Using the GTEx and TPA datasets, we conducted an evaluation of CXCL12 gene/protein expression across a range of tissues. Our analysis revealed a significant upregulation in adipose tissue, endometrium, spleen, smooth muscle, while showing inhibition in placental and cerebral cortex tissues. Additionally, investigating the pan-cancer context via unpaired sample analysis in the TCGA-GTEx dataset revealed a downregulated CXCL12 expression in cancerous tissues (e.g. BLCA, BRCA, CESC, etc.) compared to their corresponding normal counterparts. Conversely, it was elevated in DLBC, LAML, LGG, TGCT. No significant alterations were observed in GBM, PAAD, PCPG, or their corresponding normal tissues. Moving to the protein level, we conducted a thorough analysis of the CPTAC and HPA immunohistochemistry data, which indicated diminished CXCL12 protein expression in LUAD, UCEC, BRCA, KIRC, OV, LIHC, COAD, PAAD, HNSC. Furthermore, our analysis of the correlation between tumor stage and CXCL12 expression revealed a progressive decrease in CXCL12 expression in early stages (e.g. BLCA, STAD, LUAD, etc.) suggesting its potential role in early tumor detection.

With the advancement of research in tumor immunology, the concept of ‘tumor microenvironment’ has been introduced (42). This complex network consists of diverse cells, matrix surroundings, cytokines, vessels and lymphatic ducts, as well as tumor cell analysis and related physical factors. Together, these components shape the internal terrain of a tumor (43). This dynamic environment significantly impacts tumor initiation, progression, and metastasis. It has been reported that immune imbalance and chronic inflammation are significant contributors to cancer development (44). CD4+ T cells can differentiate into Th1, Th2, Treg, and Th17 subsets under different immune response stages, each with distinct biological functions. Th17 cells, a CD4+ T subset highly expressing interleukin-17 (IL-17), develop from naive CD4+ T cells via TGF-β and IL-6 stimulation. As potent proinflammatory cells, they activate dendritic cells and T helper lymphocytes, induce various cytokines, perpetuate chronic inflammation, and contribute to carcinogenic microenvironments (45). Additionally, Th17 cells secrete IL-17, TNF-α, and IL-21, with IL-17 being an essential proinflammatory cytokine, inducing expression of other chemokines, proinflammatory cytokines, and metalloproteinases, thereby exacerbating inflammatory cell infiltration and tissue damage (46). Treg cells, derived from naive CD4+ T cells independently by TGF-β,are immunosuppressive cells that regulate immune response intensity, mitigate immune injury, mediate immune evasion through anti-tumor immune suppression, and promote tumor progression (47). Under certain conditions, Treg and Th17 cells reciprocally transform to maintain immune system stability, playing crucial roles in anti-tumor immunity. A growing body of evidence suggests that Th17/Treg cell ratio imbalance promotes inflammation and tumor progression (48). Our analysis indicates that Th17/Treg cell balance is crucial in understanding endometriosis-associated ovarian cancer (EAOC), leading us to collect formalin-fixed, paraffin-embedded (FFPE) samples of EAOC, EM, and normal endometrium for immunohistochemistry evaluations of CXCL12, FOXP3, STAT3, and IL17.

Despite the finding that CXCL12 expression and the ratio of Th17/Treg correlates with patient in EAOC, we were unable to demonstrate a direct impact of CXCL12 on patient through immune infiltration. Future research, targeting CXCL12 expression and immune infiltrates within a cancer demographic, may clarify these findings.

Despite integration of multi-database information, certain limitations existed within this research. Firstly, extensive microarray and sequencing datasets analyzed primarily tumor tissue, potentially introducing bias during cell-level immune marker evaluations. To address this, high-resolution methodologies, like single cell RNA sequencing, are recommended. Secondly, lax attention was given to accurately representing CXCL12’s posttranslational modifications in these databases. Indeed, both phosphorylation and ubiquitination can alter CXCL12 functionality. Thirdly, conflicting data from disparate databases blur CXCL12’s clear classification. This study exclusively examined computational CXCL12 expression-survival correlations across databases, excluding in vivo/in vitro experimentation. Such studies aimed at elucidating CXCL12’s effects at cellular and molecular levels may assist understanding its role more effectively.





Conclusions

Our comprehensive investigations linked CXCL12 expression to prognosis, DNA methylation, immune cell influx, genetic alterations, and microsatellite stability across various cancers. These results offer crucial insights into CXCL12’s role in cancer initiation utilizing clinical tumor samples. Moreover, our analysis revealed substantial CXCL12 expression differences between malignant and normal tissues, suggesting its potential correlation with prognosis. These findings indicate that CXCL12 is a distinct prognostic indicator in multiple tumors, necessitating further exploration due to divergent expression profiles across different tumor entities. Additionally, an unbalanced Th17/Treg cell ratio has been implicated in promoting inflammation and EAOC progression concurrently.
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Background

Endometriosis (EMs) is a common chronic inflammatory disorder with estrogen dependency, and its causes and progression are not fully understood. With limited treatment options available, the dietary impact on EMs incidence has gained research interest. This study explores the link between dietary selenium intake and EMs risk, noting selenium’s key antioxidant role in reducing oxidative stress and inflammation, and its potential to modulate immune responses, offering protective effects.





Methods

The study included 39,352 participants from National Health and Nutrition Examination Survey (NHANES) data (1999-2006). We excluded individuals with missing data on dietary selenium intake or EMs status, pregnant women, and individuals with missing basic covariate data or suspected erroneous dietary selenium intake values. After these exclusions, a final cohort of 3,876 participants was included for detailed analysis. This cohort was stratified into two groups: 3566 individuals without a diagnosis of endometriosis and 310 individuals diagnosed with EMs. The relationship between EMs and dietary selenium intake was examined using a suite of statistical methodologies, including multivariate logistic regression to control for confounding variables, smooth curve fitting, threshold effect analysis and subgroup analysis.





Results

After adjusting for multiple covariates, the multivariate logistic regression model indicated a negative correlation between dietary selenium intake and the risk of developing EMs. In the highest dietary selenium intake group, the adjusted model II revealed a reduction in the risk of EMs by approximately 34.1% (OR = 0.659, 95% CI: 0.449, 0.967). The subgroup analysis revealed a negative relationship between quartiles of selenium intake and the risk of endometriosis in participants aged fifty years and older, in non-Hispanic white participants, in participants with PIR >=1.3 and <3.5, in participants with a high school education level or under, in participants who get married or live with a partner, in participants who have never drunk, and in participants who smoke currently.





Conclusions

Our findings suggest a negative correlation between dietary selenium intake and endometriosis risk. However, potential confounding factors may influence this association. Given the limitations of this cross-sectional study, such as reliance on self-reported data, further prospective research is required to confirm causality and explore underlying mechanisms.





Keywords: selenium, dietary selenium intake, endometriosis, diet, cross-sectional study, NHANES




1 Introduction

Endometriosis (EMs) is a common inflammatory disease characterized by the presence of tissue resembling endometrium outside the uterus, primarily affecting pelvic organs and tissues. Approximately 176 million women worldwide suffer from this condition, with 5%-10% of fertile women experiencing pelvic pain and infertility (1). EMs increases the medical burden and mental stress on the reproductive-age population, making the search for effective prevention and treatment measures particularly important.

The study found that the imbalance between the oxidative system and the antioxidant system and the increase of oxidation markers in patients with EMs showed that antioxidants had preventive and therapeutic effects on EMs, indicating that EMs were related to oxidative stress (2). In addition, the increase of reactive oxygen species leads to damage to DNA, proteins, and lipids, which in turn promotes inflammation and cell proliferation, and previous clinical studies have confirmed the close relationship between inflammatory cytokines and EMs, suggesting that inflammatory factors can be used as predictors of EMs (3). Studies have shown that the intake of antioxidant foods can reduce oxidative damage and maintain the normal function of cells; Consuming a diet rich in anti-inflammatory ingredients can modulate the body’s inflammatory response (4).

Selenium (Se), as a trace element, has long been recognized as an important food-based antioxidant, showing high activity in antioxidant and anti-inflammatory activities (5). Due to the large atomic radius of Se, its outer electrons are easily lost, endowing selenide compounds with a -2 valence excellent antioxidant effects. Selenium can eliminate reactive oxygen species (ROS) through single-electron or double-electron reduction mechanisms and combat oxidative stress by activating the Keap1-Nrf2-ARE signaling pathway (6). Studies have shown that selenium is an important component of the antioxidant enzyme that is used by the glutathione peroxidase (GPX) system to eliminate different ROS and is one of the major sulfhydryl-dependent antioxidant systems that help the body fight oxidative stress (7). It has been found that GPX, as a selenium-containing enzyme, is widely distributed in human epithelial cells, participates in the elimination of hydroxyl radicals, effectively reduces oxidative stress, and has a certain protective effect on EMs (8).

With the continuous development of society, dietary selenium has become the main source of selenium in the human body. Multiple studies have confirmed that selenium-rich products, including selenium-enriched brown rice (9), selenium-enriched spirulina (10), selenium-enriched oolong tea (11), etc., exert anti-inflammatory effects through the NF-κ B/MAPK signaling pathway. Wang et al. have found that selenoproteins extracted from dietary selenium can effectively inhibit the production of IL-6, TNF-α, etc. (12). GPX plays an important role in the human body as one of the selenoproteins (13). Selenium deficiency activates the mitogen-activated protein kinase (MAPK) pathway, resulting in an increase in pro-inflammatory factors and a decrease in anti-inflammatory factors (12). Studies using animal models have found that selenium compounds can inhibit the onset and progression of inflammation (14), so it can be inferred that it may have some protective effect on EMs. In addition, due to its excellent ROS clearance ability, selenium has potential applications in the treatment of related diseases.

Through our investigation and research, there is currently no clear study indicating that dietary selenium directly affects the occurrence or development of EMs, but relevant studies have shown that dietary selenium plays an important role in antioxidant and anti-inflammatory. Therefore, with the help of public data from the National Health and Nutrition Examination Survey (NHANES), we selected a dataset from 1999-2006 as the basis for our analysis, which aimed to investigate the link between dietary cholesterol intake and the risk of developing endometriosis in adult women in general. The goal is to provide evidence that informs the development of effective treatment strategies. At the time of our study, the NHANES data up to 2006 was the most recent dataset that included information on endometriosis. Although NHANES has published updated data for 2021-2023, these updates did not include endometriosis-related information. Therefore, the 1999-2006 dataset remains the most appropriate and comprehensive for our analysis.




2 Methods



2.1 Data source and ethics

The NHANES, a program created especially to collect data on health, nutrition, and laboratory results from a cross-sectional sample of the non-institutionalized U.S. population, provided all of the materials and data used in this study. Trained professionals used questionnaires, health interviews, and laboratory testing to gather participant demographic, health status, and laboratory data.




2.2 Study population

Focusing on EMs from 1999 to 2006, this study utilized NHANES data from four cycles: 1999-2000, 2001-2002, 2003-2004, and 2005-2006, including a total of 39,352 participants. Initially, individuals with missing EM variables or unknown EMs status (n=33,795), and those lacking dietary selenium intake data (n=319), were excluded to ensure data integrity. Considering the significant impact of EMs on fertility, pregnant women were excluded from data collection to improve study accuracy (15). After systematically excluding pregnant women and those with unclear pregnancy status (n=943), as well as individuals lacking basic covariate data (Age; Race; BMI; Poverty Income Ratio (PIR); Education level; Marital status; Alcohol consumption; Smoking status; Hypertension; Hyperlipidemia; Vitamin B12; physical activity (PA); Ever taken birth control; Regular period), and those with suspected erroneous dietary selenium intake values (data=0), a final cohort of 3876 participants was included for detailed analysis, as depicted in Figure 1.

[image: Flowchart depicting the selection process for a study population from 1999 to 2006, starting with 39,352 individuals. Exclusions include 33,795 for the absence or unknown presence of endometriosis, 319 for missing selenium data, 943 for pregnancy and missing variables, and 419 for other covariates and extreme variables. The final population consists of 3,876 women: 310 with endometriosis and 3,566 without.]
Figure 1 | Summary of the inclusion and exclusion criteria of study subjects.




2.3 Exposure variable

In this study, the exposure variable was dietary selenium. NHANES collected non-consecutive two-day food intake data, with the first interviews conducted via questionnaires and the second via telephone survey. During these surveys, participants provided dietary details of their intake within 24 hours, and the investigators estimated the average food intake over two days, utilizing the United States Department of Agriculture’s food and nutrient database for dietary studies to estimate nutrient content (16). During the period from 1999 to 2002, only the first day’s dietary recall data were publicly accessible, and thus, only the amount of food intake reported on the first day was utilized in this study. To ensure the quality and accuracy of the interviews, all dietary interviewers were required to complete a rigorous one-week training program and conduct supervised practical interviews before being permitted to conduct interviews independently. After a normality test, which confirmed the non-normal distribution of the data, we found notable skewness in the dietary selenium exposure variable. By utilizing a Box-Cox transformation on the dietary selenium variable data, we aimed to better approximate a normal distribution, ultimately improving the accuracy of our statistical results through the correction of identified skewness. The Box-Cox transformation is a widely used statistical method that transforms non-normal dependent variables into a normal distribution, which is essential for many statistical techniques, particularly for nutrient variables (17). For detailed information on the Box-Cox transformation, please refer to Supplementary Material S1.




2.4 Outcome variable

Data on EMs were obtained by NHANES through a questionnaire asking participants whether they had been informed through examination that they had EMs, specifically inquiring whether they had been formally diagnosed with EMs by a doctor or other healthcare professional. If the questionnaire response was “yes,” the participant was considered to have EMs (18). Self-reported endometriosis has been demonstrated to possess a high degree of accuracy, with over 95% of self-reported cases being confirmed as laparoscopy-verified endometriosis (19).




2.5 Covariates

For the sake of achieving higher data precision and thorough analysis, this study took into account various factors such as age, race, BMI, PIR, education level, marital status, alcohol consumption, smoking status, hyperlipidemia, hypertension, theobromine intake, vitamin B12 intake, carbohydrate intake, PA, ever taken birth control and regular period. Age was split into less than 40, 40 to less than 50, and greater than 50. Participants were divided into groups based on race: Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, and Other Race (Including Multi-Racial) (20). BMI measurements were taken at the Mobile Examination Center (MEC) and converted into less than 25, 25 to less than 30, or greater than 30 (21). To assess household income, the study chose to use PIR, a measure calculated based on family size thresholds. Poverty income ratio was split into less than 1.3, 1.3 to less than 3.5, and greater than 3.5 (22). We classified education level as under high school, high school, and more than high school (23). Marital status was sorted into Married/Living with a partner, Never married, and Divorced/Separated/Widowed. Alcohol consumption was sorted into former drinker, never drinker, mild drinker, moderate drinker, and heavy drinker. Smoking status was classified as never smoking, former smoking, and now smoking (24). Participants underwent dietary recall interviews before the MEC interview to obtain their 24-hour nutrition data, including theobromine intake, vitamin B12 intake, carbohydrate intake, etc. The assessment of PA was determined by the MET (Metabolic Equivalent of Task) values, which were derived from the type, frequency, and duration of activities performed per week. The calculation was performed using the following formula: PA (MET-min/wk) = MET × weekly frequency × duration of each physical activity (25). A value of PA=0 indicates participants who do not engage in any physical activity; any other value signifies that participants have either consistent or intermittent physical activity. Participants were categorized based on whether they met the American physical activity guidelines, which recommend that moderate-intensity physical activity should be performed for 150 minutes per week (equivalent to 600 MET-min/wk) or, for vigorous-intensity activity, 75 minutes per week for adults (26). “Ever taken birth control” was included as a covariate in the analysis. Additionally, “menstrual cycle regularity in the past year” was also considered as a covariate. All covariate data in this study were derived from statistical analysis on the NHANES website. The necessary steps for acquiring selenium intake and other related factors are accessible at http://cdc.gov/nchs/nhanes.




2.6 Statistical analysis

The statistical methods employed include descriptive analysis of the study population, stratified analysis, multiple logistic regression, smoothing curve fittings and threshold effect analysis. “Mean ± Standard Deviation (SD)” or “Median(Q1-Q3)” is used to represent continuous variables in this study, whereas categorical variables are displayed with numbers and percentages (%). P values were calculated by one-way ANOVA (normal distribution) and the Kruskal–Wallis H (skewed distribution) test, and the median (Q1-Q3) was used only when the mean value was less than double the standard difference. The chi‐square test is used for categorical variables.

To further investigate the impact of varying selenium levels and other potential confounding factors on the relationship between EMs and selenium Box-Cox, selenium Box-Cox group, and selenium Box-Cox group trend, selenium intake was categorized into four groups: Q1 (-1.109 - 9.830), Q2 (9.831 - 11.375), Q3 (11.377 - 12.819) and Q4 (12.820 - 29.253). Multivariate logistic regression analysis was then conducted for each group. Age, race, PIR, education level, and marital status were controlled for in the Adjusted I model, while the Adjusted II model accounted for BMI, alcohol consumption, smoking status, hypertension, hyperlipidemia, theobromine intake, vitamin B12 intake, PA, ever taken birth control and regular period.

Additionally, this research, utilizing the unadjusted model and adjusted II model, utilized smooth curve fittings to illustrate the connection between dietary selenium intake and the risk of EMs and uncover any nonlinear associations. Threshold effect analysis was conducted to explore the implicit nonlinear relationship in the smooth curve fitting.

To investigate whether there were interactions and stability between subgroups, we performed subgroup analyses for age, race, PIR, BMI, education level, marital status, alcohol consumption, smoking status, hyperlipidemia and hypertension. If the P for interaction across different stratifications is >0.05, it suggests the results are reliable across different subgroups; otherwise, it may indicate the presence of special populations (27).

Stratified analyses of the curve analysis were also conducted based on age, PIR, education level, marital status, alcohol consumption and smoking Status to visually describe the relationship between dietary selenium intake and the risk of EMs across different populations. Threshold effect analysis was also conducted to explore the implicit nonlinear relationship in the smooth curve fitting.

Finally, to ensure the robustness of the results, sensitivity analysis was performed in this study. After excluding extreme outliers with dietary selenium intake greater than 400, the multivariate logistic regression analysis was repeated.

The statistical software EmpowerStats (www.empowerstats.com) was utilized in conjunction with the R statistical programming language (X64 version 4.2.0; R Foundation for Statistical Computing) to process and analyze the entire dataset. P < 0.05 was used to indicate statistical significance.





3 Results



3.1 Participant characteristics

The descriptive characteristics of the participants are presented in Table 1. The analysis of Table 1 highlighted a significant difference in the mean dietary selenium intake between the non-EMs group and the EMs group, with the former exhibiting a higher intake (p < 0.05). Differences in age, race, PIR, BMI, educational level, marital status, alcohol consumption, smoking status, hypertension, ever taken birth control, and regular menstrual cycle between the EMs group and the non-EMs group were statistically significant (p < 0.05). Compared to the non-EMs group, the EMs group had a higher overall age, a higher proportion of Hispanic Whites, a higher PIR, a lower BMI, a higher proportion of married/living with partner and divorced/separated/widowed individuals, a higher educational level, a higher proportion of individuals who had ever taken birth control, and a higher proportion of individuals with irregular menstrual cycles in the past year. No significant differences or no differences were observed between the two groups for the remaining variables.

Table 1 | Baseline population characteristics.


[image: Table showing a comparison between groups with and without endometriosis across various variables. Key data include participant numbers, age, consumption of theobromine, vitamin B12, carbohydrates, selenium, poverty income ratio (PIR), body mass index (BMI), education level, marital status, alcohol consumption, smoking status, hypertension, hyperlipidemia, physical activity, birth control use, and regular periods. P-values indicate significance for differences in age, selenium, race, PIR, education level, marital status, alcohol consumption, smoking status, hypertension, physical activity, birth control, and regular periods, with several variables showing statistical significance.]



3.2 Associations between dietary selenium and EMs

In order to further clarify the relationship between dietary selenium and EMs, this study was conducted using multivariate logistic regression equations, and the results, as shown in Table 2, showed a decreasing trend in the risk of developing EMs with increasing dietary selenium intake.

Table 2 | Multivariate logistic regression.


[image: A table displays odds ratios (OR) with 95% confidence intervals (CI) and p-values for Selenium Box-Cox exposure regarding endometriosis. Non-adjusted, Adjust I, and Adjust II models are shown. For example, the non-adjusted OR for Q2 is 0.872 (0.640, 1.189) with a p-value of 0.386. Adjust I includes factors like age and education, while Adjust II adds variables such as body mass index and smoking status. The Selenium Box-Cox group trend shows a decreasing OR trend across models, suggesting varying association strength with endometriosis.]
In this study, dietary selenium intake was divided into four categories: Q1 (-1.109 - 9.830), Q2 (9.831 - 11.375), Q3 (11.377 - 12.819) and Q4 (12.820 - 29.253). In the highest dietary selenium intake group (12.820 - 29.253), the unadjusted model showed a reduction in the risk of developing EMs of approximately 30.9% (OR = 0.691, 95% CI: 0.498, 0.958, p < 0.05), the adjusted Adjust 1 model showed a reduction in the risk of developing EMs of approximately 33.2% (OR = 0.668, 95% CI: 0.478, 0.934, p < 0.05), and the adjusted Adjust 2 model showed a reduction in the risk of developing EMs of about 34.1% (OR = 0.659, 95% CI: 0.449, 0.967, p < 0.05).

In addition, Table 2 clearly illustrates the association between dietary selenium intake and EMs, with results showing a protective trend towards a lower risk of developing EMs as dietary selenium intake increases.




3.3 Smoothing curve fitting analysis and threshold effect analysis

Based on the unadjusted and adjusted II models, this study used smooth curve fitting to depict the nonlinear relationship between dietary selenium intake and the risk of developing endometriosis (EMs), as illustrated in Figure 2A presents the smooth curve fitting based on the unadjusted model, while Figure 2B displays the smooth curve fitting based on the adjusted II model. Both figures reveal a negative correlation between dietary selenium intake and the likelihood of EMs, with higher dietary selenium intake being associated with a lower risk of EMs.

[image: Two panels labeled A and B compare the relationship between selenium intake and endometriosis. Both panels feature scatter plots with a red smoothing curve and a blue confidence interval band. The x-axis is labeled as Selenium in micrograms for panel A and Box-Cox transformed values for panel B, while the y-axis is labeled Endometriosis. The blue band illustrates the ninety-five percent confidence interval.]
Figure 2 | Relationship between dietary selenium and endometriosis risk by smooth curve fitting. The red line demonstrates the risk of endometriosis, and the blue ribbons illustrate its 95%CI. The X-axis is dietary selenium (continuous variable, Box-cox transformed), and the Y-axis is endometriosis. (A) Unadjusted; (B) Adjust for: Age; Race; PIR; Education level; Marital Status; BMI; Smoking Status; Alcohol Consumption; Hyperlipidemia; Hypertension; Theobromine; Vitamin B12; Carbohydrate; PA; Ever taken birth control; Regular period. CI, confidence interval; PIR, Poverty Income Ratio; BMI, body mass index; PA, Physical activity.

The results of the threshold effect analysis indicated a nonlinear relationship in the unadjusted model’s curve (log-likelihood ratio = 0.042), with an inflection point at 8.152 (Table 3). When the dietary selenium intake (after Box-Cox transformation) was less than 8.152, a significant negative correlation was observed between dietary selenium intake and EMs (OR: 0.917, 95% CI: 0.867, 0.971, p = 0.003). When the dietary selenium intake (after Box-Cox transformation) exceeded 8.152, no significant association was observed between dietary selenium intake and EMs (OR: 1.143, 95% CI: 0.928, 1.409, p = 0.210). In contrast, no nonlinear relationship was detected in the adjusted II model’s curve (log-likelihood ratio = 0.064).

Table 3 | Threshold effect analysis of selenium with endometriosis.


[image: Table comparing unadjusted and adjusted models for endometriosis outcomes. Model I shows "One line effect" with an unadjusted OR of 0.949 and adjusted OR of 0.936. Model II presents "Turning point (K)" at 8.152, "< K effect 1" with unadjusted OR of 1.143 and adjusted OR of 1.113, "> K effect 2" with unadjusted OR of 0.917 and adjusted OR of 0.905. LRT test results are 0.042 and 0.064 for unadjusted and adjusted models, respectively. Adjustments include factors like age, education, and health behaviors.]



3.4 Subgroup analysis

To reduce heterogeneity, the present study further identified the relationship between EMs and a range of demographic and health-related variables and their interactions through stratified analyses. Stratified analyses were constructed based on age, race, PIR, BMI, education level, marital status, alcohol consumption, smoking status, hyperlipidemia and hypertension status. Refer to Figure 3 for the results of the stratified analyses.

[image: Forest plot displaying odds ratios (OR) with 95% confidence intervals (CI) for various subgroups. Subgroups include age, race, BMI, poverty income ratio (PIR), education level, marital status, alcohol consumption, smoking status, hypertension, and hyperlipidemia. The plot indicates p-values and p-values for interaction for each subgroup, with significance highlighted. Key findings include significant results in race, education level, marital status, alcohol consumption, and smoking status.]
Figure 3 | Subgroup analysis for the association between the Box-Cox transformed dietary selenium (continuous variable) and risk of endometriosis. CI, confidence interval; OR, odds ratios; PIR, Poverty Income Ratio; BMI, body mass index; PA, Physical activity.

The logistic regression models revealed a significant negative relationship between selenium intake and the risk of endometriosis in participants aged fifty years and older (OR= 0.897, 95% CI: 0.812, 0.991; P=0.032), in non-Hispanic white participants (OR= 0.923, 95% CI: 0.872, 0.976; P=0.005), in participants with PIR >=1.3 and <3.5 (OR= 0.920, 95% CI: 0.849, 0.997; P=0.042), in participants with a high school education level (OR= 0.895, 95% CI: 0.821, 0.976; P=0.009) or under (OR= 0.862 95%CI:0.771, 0.964; P=0.012), in participants who get married or live with a partner (OR= 0.932, 95% CI: 0.881, 0.986; P=0.015), in participants who have never drunk (OR= 0.868, 95% CI: 0.764, 0.985; P=0.028), and in participants who smoke currently (OR= 0.895, 95% CI: 0.826, 0.969; P=0.006) (Figure 3). Furthermore, a significant interaction was observed between selenium intake and education level (p for interaction < 0.05), while no significant interaction was observed in any other subgroups.

Based on these results, this study used smooth curve fitting to investigate the linear relationships between alcohol consumption, smoking status and the risk of EMs. Additionally, smooth curve fitting subgroup analyses were performed for the demographic variables of age, PIR, education level and marital status. Curve fitting results showed that as selenium intake levels increased, the risk of developing EMs tended to decrease for all participants except those aged 50 years and older, with a PIR greater than or equal to 3.5, with a high school education, less than a high school education, who were single women, non-drinkers, current smokers, and former smokers (Figures 4–9). Furthermore, trend analyses for other stratified groups reveal that with increasing selenium concentration, EMs initially show an increasing trend, followed by one or more turning points, displaying varying trends of increase and decrease.

[image: Graph depicting endometriosis levels against selenium intake, categorized by age. Red dots (<40), green circles (40-49), and blue triangles (≥50) represent different age groups. The x-axis is labeled "Selenium (mcg)" and "Box-Cox(x)", and the y-axis is labeled "Endometriosis".]
Figure 4 | The association between Selenium and risk of EMs stratified by Age. In the age-stratified analysis, the red line represents age <40 years, the green line represents age >=40 or <50 years, and the blue line represents age >=50 years. Adjustment for race, PIR, BMI, education level, marital status, alcohol consumption, smoking status, hyperlipidemia, hypertension, theobromine intake, vitamin B12 intake, carbohydrate intake, PA, ever taken birth control and regular period. PIR, Poverty Income Ratio; BMI, body mass index; PA, Physical activity.

[image: Scatter plot showing the relationship between Selenium intake (mcg) and Endometriosis, categorized by PIR levels. Red dots, green circles, and blue triangles represent PIR categories less than 1.3, between 1.3 and 3.5, and greater than or equal to 3.5, respectively. The x-axis represents Selenium (mcg), while the y-axis indicates the Endometriosis level. The data shows a downward trend in Endometriosis with increasing Selenium across all PIR categories.]
Figure 5 | The association between Selenium and risk of EMs stratified by PIR. According to the PIR-stratified analysis, the red line represents a PIR <1.3, the green line represents a PIR >=1.3 or <3.5, and the blue line represents a PIR >=3.5. Adjustment for age, race, BMI, education level, marital status, alcohol consumption, smoking status, hyperlipidemia, hypertension, theobromine intake, vitamin B12 intake, carbohydrate intake, PA, ever taken birth control and regular period. PIR, Poverty Income Ratio; BMI, body mass index; PA, Physical activity.

[image: Scatter plot depicting the relationship between selenium intake and endometriosis across different education levels. Red, green, and blue markers represent under high school, high school, and more than high school education levels, respectively. The vertical axis shows endometriosis levels, and the horizontal axis represents selenium intake in micrograms.]
Figure 6 | The association between Selenium and risk of EMs stratified by Education Level. According to the education level stratification analysis, the red line represents under high school, the green line represents high school, and the blue line represents more than high school. Adjustment for age, race, PIR, BMI, marital status, alcohol consumption, smoking status, hyperlipidemia, hypertension, theobromine intake, vitamin B12 intake, carbohydrate intake, PA, ever taken birth control and regular period. PIR, Poverty Income Ratio; BMI, body mass index; PA, Physical activity.

[image: Scatter plot showing the relationship between selenium intake and endometriosis risk by marital status. Red circles indicate "Married/Living with partner," green circles "Never Married," and blue triangles "Divorced/Separated/Widowed." The x-axis represents selenium intake in micrograms and the y-axis shows endometriosis levels. The data suggests varying patterns across marital statuses.]
Figure 7 | The association between Selenium and risk of EMs stratified by Marital Status. According to the education level stratification analysis, the red line represents Married/Living with a partner, the green line represents Never Married, and the blue line represents Divorced/Separated/Widowed. Adjustment for age, race, PIR, BMI, education level, alcohol consumption, smoking status, hyperlipidemia, hypertension, theobromine intake, vitamin B12 intake, carbohydrate intake, PA, ever taken birth control and regular period. PIR, Poverty Income Ratio; BMI, body mass index; PA, Physical activity.

[image: Scatter plot illustrating the relationship between selenium intake and endometriosis severity, categorized by alcohol consumption levels: never, former, mild, moderate, and heavy. Each level is represented by different colored shapes. The y-axis represents endometriosis severity, and the x-axis represents selenium in micrograms with Box-Cox transformation.]
Figure 8 | The association between Selenium and risk of EMs stratified by Alcohol Consumption. According to the results of the alcohol consumption stratification analysis, the red line represents Never, the yellow line represents Former, the green line represents Mild, the blue line represents Moderate, and the purple line represents Heavy. Adjustment for age, race, PIR, BMI, education level, marital status, smoking status, hyperlipidemia, hypertension, theobromine intake, vitamin B12 intake, carbohydrate intake, PA, ever taken birth control and regular period. PIR, Poverty Income Ratio; BMI, body mass index; PA, Physical activity.

[image: Scatter plot showing endometriosis levels against selenium intake, categorized by smoking status: never (red dots), former (green circles), now (blue triangles). The x-axis displays selenium measured in micrograms. The y-axis shows endometriosis levels, with values ranging from 0 to 0.80.]
Figure 9 | The association between Selenium and risk of EMs stratified by Smoking Status. In the smoking status stratification analysis, the red line represents never smoke, the green line represents former smoke, and the blue line represents now smoke. Adjustment for age, race, PIR, BMI, education level, marital status, alcohol consumption, hyperlipidemia, hypertension, theobromine intake, vitamin B12 intake, carbohydrate intake, PA, ever taken birth control and regular period. PIR, Poverty Income Ratio; BMI, body mass index; PA, Physical activity.

Threshold effect analysis of stratified curves was performed, and the results are presented in Supplementary Tables S1, S2 of Supplementary Material S2. A significant inflection point was observed in the “Under high school” subgroup of Education Level at 8.394 (log - likelihood ratio test=0.006). In this subgroup, when the dietary selenium intake (Box - cox transformed) was greater than 8.394, for each one - unit increase in dietary selenium intake (Box - cox transformed), the risk of endometriosis (EMs) was reduced by 39.5% (OR=0.605, 95%CI: 0.454, 0.805). Notably, the Education Level subgroup was the only one with significant interaction (p for interaction <0.05). In the “Mild” subgroup of Alcohol consumption, a significant inflection point was observed at 7.567 (log - likelihood ratio test=0.001). In this subgroup, when the dietary selenium intake (Box - cox transformed) was greater than 7.567, for each one - unit increase in dietary selenium intake (Box - cox transformed), the risk of EMs was reduced by 14.0% (OR=0.860, 95%CI: 0.756, 0.978). In the “ Never” subgroup of Smoking Status, a significant inflection point was observed at 7.633 (log - likelihood ratio test=0.006). In this subgroup, when the dietary selenium intake (Box - cox transformed) was greater than 7.633, for each one - unit increase in dietary selenium intake (Box - cox transformed), the risk of EMs was reduced by 10.4% (OR=0.896, 95%CI: 0.816, 0.983). In contrast, no significant relationships between dietary selenium intake and EMs were found in other subgroups before or after the potential inflection points.




3.5 Sensitivity analysis

In order to confirm the reliability of the findings, a sensitivity evaluation was executed in this investigation. Specifically, after eliminating extreme anomalies with dietary selenium intake surpassing 400, the multivariate logistic regression analysis was carried out again (Table 4). In the highest dietary selenium intake group, the unadjusted model showed a reduction in the risk of developing EMs of approximately 30.3% (OR = 0.697, 95% CI: 0.503, 0.966, p < 0.05), the adjusted Adjust 1 model showed a reduction in the risk of developing EMs of approximately 32.8% (OR = 0.672, 95% CI: 0.480, 0.940, p < 0.05), and the adjusted II model showed a reduction in the risk of developing EMs of about 33.8% (OR = 0.662, 95% CI: 0.451, 0.972, p < 0.05). In the sensitivity analysis, results similar to those of the original analysis were observed (Table 2), further corroborating the robustness of the results.

Table 4 | Sensitivity analysis.


[image: A table presents odds ratios (OR) and confidence intervals (CI) for Selenium Box-Cox variables in three models: Non-adjusted, Adjust I, and Adjust II. Non-adjusted shows OR 0.951 with P-value 0.027. Adjust I shows OR 0.946, P-value 0.019. Adjust II shows OR 0.938, P-value 0.021. Selenium Box-Cox groups Q1 to Q4 show varying ORs and P-values across models. Trends show decreasing ORs. The outcome variable is endometriosis. Adjustments include age, race, education, and other health factors.]




4 Discussion

The findings of this study revealed an inverse association between dietary selenium intake and the risk of EMs. Through multivariate logistic regression analysis, it was found that higher dietary selenium intake was linked to a decreased risk of EMs. Specifically, those in the group with the highest dietary selenium intake had a lower chance of having EMs.

EMs is a chronic, inflammatory gynecological disease. Prior studies have indicated that oxidative stress could be a pathogenic mechanism (2, 28). Current research indicates that GPX, a selenium-containing enzyme widely distributed in the uterine endometrial glandular epithelium, plays a crucial role in responding to oxidative stress and serves an important defensive role in addressing endometriosis (29). GPX is an important antioxidant enzyme that helps stop the accumulation of high concentrations of intracellular and extracellular peroxides (30). It can reduce potentially damaging ROS, such as hydrogen peroxide and lipid hydroperoxides, to harmless products like water and alcohols by coupling their reduction with the oxidation of glutathione (31). This process is crucial in maintaining cellular homeostasis and preventing oxidative damage (32). The effectiveness of GPX in this function is largely dependent on the availability of selenium, as it is a key component of the enzyme’s structure and activity (29, 33). Selenium, as a trace mineral and an essential nutrient in human diets (34), plays a vital role in the proper functioning of GPX. Dietary selenium plays an important role in inflammation and immunity, primarily through its incorporation into selenoproteins (35). The relationship between seleniumproteins and health has garnered attention in recent decades due to the identification of polymorphisms in seleniumprotein genes linked to disease (36). Yavuz et al. found a negative correlation between EMs and glutathione peroxidase (37), which significantly increases with higher dietary selenium intake (38–42). Furthermore, certain plant-derived bioactive substances like resveratrol have received the majority of attention in current research on plant-derived medicines for the treatment of EMs. The mechanisms by which these agents exert their influence encompass a multifaceted impact on established signaling mediators, such as matrix metalloproteinases, ROS, and proteins implicated in apoptosis (43). This therapeutic approach targets endometriosis by modulating pathways associated with oxidative stress and lipid peroxidation (44) (45). In summary, the significant role of glutathione peroxidase, a selenium-containing enzyme, in the research on the pathogenesis of EMs suggests a significant link between dietary selenium and EMs.

However, it is important to note that some studies have suggested that excess selenium intake may be harmful. For example, a study by Ma XM et al. found a significant positive association between dietary selenium intake and the incidence of type 2 diabetes (T2DM) in a fully adjusted model (OR = 1.49, 95% CI: 1.16, 1.90, p = 0.0017) (46). Another study by Pi Y et al. found that higher dietary selenium intake was associated with a lower risk of chronic kidney disease (CKD), but the relationship was not linear and may involve a threshold effect (47). These findings indicate that the effects of dietary selenium intake are not solely positive and may depend on the intake level. The study indicated a nonlinear relationship in the unadjusted model’s curve, with an inflection point at 8.152. When the dietary selenium intake (after Box-Cox transformation) was less than 8.152, a significant negative correlation was observed between dietary selenium intake and EMs. These findings suggest that within a certain range, higher dietary selenium intake is associated with a reduced risk of EMs. This indicates that the protective effects of selenium may be observed at moderate levels of intake, and further research is needed to determine the optimal range for selenium intake in the context of EMs risk.

Subgroup analysis identified certain demographic groups where the association between dietary selenium intake and EMs risk was more pronounced. These groups included participants aged 50 years and older, non-Hispanic white participants, participants with a PIR between 1.3 and 3.5, participants with a high school education or less, married or cohabiting participants, participants who had never consumed alcohol, and current smokers. Additionally, a significant interaction was observed between selenium intake and education level, suggesting that the relationship between selenium intake and EMs risk may vary across different education levels.

Previous studies have indicated that age is a significant factor in the development of EMs. For instance, Broi et al. have mentioned that EMs is a very common disease among women of reproductive age (48). Yasui et al. pointed out that women with a history of infertility, especially those with EMs, have a significantly earlier menopause age compared to women without such a history (49). Hemmert et al. found that women with endometriosis are more likely to be younger (50). These studies indicate a significant direct association between a woman’s age and EMs. The protective effect of selenium in older women may be due to age-related changes in hormonal levels and reproductive health. Additionally, race has been identified as a risk factor for EMs. In general, White patients have a greater probability of receiving an EMs diagnosis than non-White patients (51). Patients of other racial backgrounds faced higher mortality rates and healthcare costs in contrast to White patients, who benefited from better medical resources (52). The protective effect of selenium in non-Hispanic white participants may be related to genetic factors, lifestyle differences, or access to healthcare.

The protective effect of selenium in participants with 1.3≤ PIR< 3.5 may be related to differences in lifestyle, diet, and access to healthcare. Higher socioeconomic class and higher occupational levels have been linked to an increased incidence of endometriosis in women, according to numerous early epidemiologic studies on endometriosis risk factors (53, 54). Nevertheless, Hu et al. research uncovers heightened risk of endometriosis in populations with lower incomes (18). Moreover, some studies have indicated that married women may experience distinct psychosocial pressures due to reproductive stress or family responsibilities, which may potentially impact their health status to some degree. For instance, one study posits that married women may be more vulnerable to fertility-related expectations and social pressures compared to single women (55). The connection between alcohol and EMs remains controversial; some studies have shown a significant correlation between alcohol consumption and the occurrence of EMs, possibly due to alcohol’s effect on estrogen levels and immune function in the body (56), but other studies have not found a significant association (54, 57). The research revealed an inverse relationship between never drinking and EMs. The differences in study results could be due to alcohol’s dual role in EMs, as a pain and stress reliever for patients (where it is used as a form of self-management for pain and stressful events, or as a manifestation of psychiatric comorbidities) while exacerbating inflammation and oxidative stress through habitual heavy drinking (58). Additionally, smoking not only disrupts immune-inflammatory balance by modulating cytokines like TNF-α and IL-6 but also exacerbates conditions such as EMs by triggering an overexpression of pro-inflammatory genes, which can lead to the dysregulation of selenium-mediated anti-inflammatory responses and contribute to the pathogenesis of the disease (10, 56, 59).

The interaction test in the subgroup analysis showed that only education level significantly interacted with selenium and EMs (p for interaction < 0.05). Specifically, in women with a high school education or less, a negative association between dietary selenium intake and EMs was observed. This suggests that the protective effect of selenium may vary across different education levels. One study observed that patients’ health literacy, encompassing the capacity to identify, comprehend, assess, and utilize health information, is pivotal to the management of chronic illnesses such as endometriosis (60).

This study indicates that higher dietary selenium intake may reduce EMs risk in certain groups, but the results are limited by the cross-sectional NHANES design, which cannot prove causality. Other limitations include the inability to control for all confounders, the exclusion of participants under 20, undiagnosed EMs cases in controls due to self-reported data, and the study’s limited applicability to American citizens due to NHANES sample selection. This necessitates further research on racial and geographic disparities. The study was conducted using a questionnaire-based self-reported dietary recall, and some errors may occur in the self-reported dietary intake. Given the significant day-to-day variations in dietary intake, dietary recall bias may exist in the measurement of individual dietary components. Relying on self-reported data for the diagnosis of endometriosis has limitations, and the potential for misclassification bias is recognized, especially considering that many cases may remain undiagnosed, particularly among individuals with asymptomatic or mild symptoms. The NHANES database source has limitations, leading to the omission of key covariates such as family history of endometriosis and history of pelvic surgery. The study also did not account for overall diet quality, which could influence the observed association between selenium intake and EMs risk. The lack of significant links in younger age groups, other races, and higher education subgroups may be due to factors like selenium metabolism differences, healthcare access, lifestyle, and small sample sizes. No clear association was found between EMs and hypertension/hyperlipidemia, possibly due to shared risk factors, complex EMs mechanisms, and study limitations. While some studies have reported a negative correlation between BMI and EMs risk, this study did not find a significant association, which may be due to differences in the sample population and the limitations of BMI as a body fat indicator. Further research is needed to explore these.

Furthermore, this study also has certain strengths. First, it found a negative correlation between selenium and EMs, indicating that balanced dietary selenium intake helps reduce the risk of EMs. Providing scientific dietary guidance for EMs patients is important. Second, many potential confounders and influencing factors were adjusted in this study, enhancing the accuracy of the results and promoting precise analysis of the study objective. This also deepened the current understanding of the relationship between selenium and EMs. Third, compared to previous studies, this study had a larger sample size, utilizing data from NHANES from 1999 to 2006, including 39,352 potential participants, of which 3876 were included in this study. Additionally, a sensitivity analysis was conducted, which further confirmed the robustness of the results.




5 Conclusions

Our findings suggest a negative correlation between dietary selenium intake and endometriosis risk. However, potential confounding factors may influence this association. Given the limitations of this cross-sectional study, such as reliance on self-reported data, further prospective research is required to confirm causality and explore underlying mechanisms.
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Before Matching After Matching

Characteristics

Low High Low High
VFA Group VFA Group VFA Group VFA Group
No. of patients 719 791 719 719
Age, years 31.31+3.96 33.28+5.00 <0.001 31.31 £3.96 ‘ 3239 £425 <0.001
BMI group <0.001 <0.001
<24 kg/m? 688/719 (95.7%) 288 /791(36.4%) 688/719 (95.7%) 246/719 (34.2%)
>24 kg/m? 31/719 (4.3%) 503/791 (63.6%) 31/719 (4.3%) 473/719 (65.8%)
Basal E2, pg/mL 42.98+18.39 40.11£16.74 0.011 42.98 + 18.39 40.11 + 1676 0.002
Basal P, ng/mL 0.6240.73 0.58+0.92 0.923 0.62 £ 0.73 0.60 + 0.96 0.547
Basal AMH, ng/mL 5.10+3.96 4.87+3.80 0.682 5.10 + 3.96 ‘ 4.93 + 381 0.429
Type of infertility, n (%) 0.083 | 0.596
Primary 330/719 (45.9%) 328/791(41.5%) 330/719 (45.9%) 320/719 (44.5%)
Secondary 389/719 (54.1%) 463/791(58.5%) ‘ 389/719 (54.1%) 399/719 (55.5%)
Factor of infertility, n (%) 0.025 0.092
PCOS 53/719(7.4%) 70/791(8.9%) 53/719 (7.4%) 70/719 (9.7%)
Tuber factor 499/719(69.4%) 591/791(74.7%) 499/719 (69.4%) 521/719 (72.5%)
Endometriosis 27/719(3.8%) 22/791(2.8%) 27/719 (3.8%) 22/719 (3.0%)
Uterine factor 11/719(1.5%) 12/791(1.5%) 11/719 (1.5%) 12/719 (1.7%)
Male factor 80/719(11.1%) 65/791(8.2%) 80/719 (11.1%) 63/719 (8.8%)
Other 49/719(6.8%) 31/791(3.9%) 49/719 (6.8%) ‘ 31/719 (4.3%)
First ET cycle, n (%) 564/719(78.4%) 621/791(78.5%) 0.975 564/719 (78.4%) 572/719 (79.6%) 0.605
Endometrial preparation protocols, n (%) 0.012 ‘ 0.069
NC 187/719 (26.0%) 158/791(20.0%) 187/719 (26.0%) 153/719 (21.3%)
o1 50/719 (7.00%) 71/791(9.0%) 50/719 (7.00%) 63/719 (8.8%)
HRT 482/719 (67.0%) 562/791(71.0%) 482/719 (67.0%) 503/719 (69.9%)
Endometrial thickness on ET day, mm 9.25+1.78 9.26+1.85 0.204 925+ 1.78 | 9.29 + 1.82 0.667
Type of embryos transferred, n (%) 0.024 0273
D3 144/719(20.0%) 197/791(24.9%) 144/719 (20.0%) 161/719 (22.4%)
D5/D6 575/719(80.0%) 594/791(75.1%) 575/719 (80.0%) 558/719 (77.6%)
Number of embryos transferred, n (%) 0.650 0.670
1 311/719(43.3%) 333/791(42.1%) 311/719 (43.3%) 303/719 (42.1%)
2 408/719(56.7%) 458/791(57.9%) 408/719 (56.7%) 416/719 (57.9%)
Number of high-quality embryos transferred, 0.984 0974
n (%)
0 104/719 (14.5%) 117/791(14.8%) 104/719 (14.5%) | 107/719 (14.9%)
1 381/719 (53.0%) 418/791(52.8%) 381/719 (53.0%) ‘ 380/719 (52.8%)
2 234/719 (32.5%) 256/791(32.4%) 234/719 (32.5%) 232/719 (32.3%)

Data are presented as mean + SD for continuous variables and n (%) for categorical variables. All P values were assessed with the use of student's t-test or x” VFA, visceral fat area; BMI, body
mass index; E2, estradiol; P, progesterone; AMH, anti-miillerian hormone; PCOS, polycystic ovary syndrome; ET, embryo transfer; NC, natural cycle; O, ovulation induction; HRT, hormone
replacement therapy.
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Outcomes Low High

VFA Group = VFA Group

No. of patients 719 719

Biochemical pregnancy 551/719 (76.6%) 475/719 (66.1%) <0.001
rate, n (%)

Implantation rate, n (%) 531/ 469/1136 (42.3%) 0.005
1127 (47.1%)

Clinical pregnancy rate, 434/719(60.4%) 386/719 (53.7%) 0.011

n (%)
Miscarriage rate, n (%) 69/434 (15.9%) 64/386 (16.6%) 0.792
Live birth rate, n (%) 365/719 (50.8%) 322/719 (44.8%) 0.023

Data are presented as mean + SD for continuous variables and n (%) for categorical variables.
All P values were assessed with the use of student's t-test or x* VFA, Visceral fat area.
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Univariable Multivariable

OQutcomes
OR (95%Cl) OR (95%Cl)
Biochemical pregnancy rate 059 (0.47 - 0.75) <0.001 078 (0.56 - 1.08) 0133
Clinical pregnancy rate 0.76 (0.62 - 0.94) 0.011 0.68 (0.50 - 0.92) 0.013
Miscarriage rate 1.05 (0.73 - 1.52) 0792 1.01 (0.60 - 1.72) 0959
Live birth rate 079 (0.64 - 0.97) 0023 0.73 (0.54 - 0.98) 0.037

Low VFA group as reference. OR, odds ratios. Univariable model adjusts for: None. Multivariable model adjusts for: age, BMI, basal E2.
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Model |
OR(95%Cl),

P-value

Model I
OR(95%Cl),
P-value

Model Il
OR(95%Cl),
P-value

TyG 1.56 (1.20, 2.02) 1.60 (1.20, 2.12) 1.60 (1.17, 2.19)
index <0.01 <0.01 <0.01
TyG index (quartile)
Q1 1.0 1.0 1.0
Q2 1.57 (0.89, 2.78) 1.57 (0.88, 2.80) 1.57 (0.87, 2.82)
0.12 0.13 0.13
Q3 1.52 (0.86, 2.70) 1.48 (0.82, 2.66) 1.49 (0.81, 2.73)
0.15 0.19 0.20
Q4 2.42 (141, 4.13) 2.39 (1.37, 4.19) 241 (1.31, 4.44)
<0.01 <0.01 <0.01
i <0.01 <0.01 <0.01
for
trend

95% CI, 95%
Model I adju:

Model II adjust for: Age; BMI; Race.

Model 1III ad

st for: None.

confidence interval; OR, odds ratio.

just for: Age; BMI; Race; Education; Poverty-to-income ratio; Marital status;

Drinking; Smoking; Number of pregnancy; Age at Menarche; Oral Contraceptive.
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Female patients who underwent frozen embryo transfer from
April 2022 to April 2023 (N=1543)

Exclusion criteria: (N=33)

(1) severe chronic diseases (e.g., heart disease, diabetes
mellitus, kidney disease)

(2) either partner having chromosomal abnormalities or
genetic diseases

(3) uterine malformations

(4) an endometrial thickness of <6 mm on ET day

(5) patients with incomplete cycle data.

-—

Included in analysis (N=1510)
VFA < 65cm?

Low VFA group (N=719) High VFA group (N=791)
l Propensity Score Matching 1:1 l
Low VFA group (N=719) High VFA group (N=719)

Biochemical pregnancy (N=551)
Clinical pregnancy (N=434)
Live birth (N=365)

Biochemical pregnancy (N=475)
Clinical pregnancy (N=386)
Live birth (N=322)
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Subgroup
Age
<30
>30, <40
>40
BMI
<25
>25
Marital status
Married
Never married
Others
Drinking
Yes
No
Smoking
Yes
No
Oral Contraceptive
Yes
No
Number of pergnancy
<3
>3
Age at Menarche
<13
>13

OR(O3%C))

2.06(0.56.7.65)
2.72(1.42.5.19)
1.52(1.01,2.28)

1.94(1.06.3.55)
1.39(0.94.2.06)

1.68(1.10.2.57)
0.08(0.01.1.50)
1.63(0.92.2.89)

1.50(1.02.2.18)
2.69(1.32.5.45)

1.69(1.11.2.59)
1.55(0.94.2.56)

1.50(1.07.2.12)
2.83(1.04.7.73)

1.74(1.17.2.59)
1.46(0.86.2.50)

1.58(1.04.2.40)
1.52(0.92.2.49)

P 1or mteraction
0.37

0.31

0.25

0.89

0.55

0.25

0.37

0.95
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Non- Endometriosis

Participant o
endometriosis (N=131)

characteristic (N=1353)

Age 38.86 +9.35 41.62 +7.89 0.002
BMI 29.28 +7.45 29.01 + 6.80 0.970
Race (%) <0.001
Mexican
—— 320 (23.65%) 8 (6.11%)
Other Hispanic 7 63 (4.66%) 3 (2.29%)
E;‘;’anic White 581 (42.94%) 92 (70.23%)
E;’:;’anic - 334 (24.69%) 24 (18.32%)
Others 55 (4.07%) 4 (3.05%)
Education (%) 0.004
ifgs}sl t:i:)ol 357 (26.39%) 18 (13.74%)
OH:izsszit 315 (23.28%) 41 (3130%)
College or above V 681 (50.33%) 72 (54.96%)
PIR (%) 0.172
<1 261 (19.29%) 21 (16.03%)
>=1, <3 535 (39.54%) 45 (34.35%)
>=3 557 (41.17%) e (49.62%)
Marital status (%) 0.489
Married 814 (60.16%) 82 (62.60%)
Never married 161 (11.90%) 7 11 (8.40%)
Others 378 (27.94%) 38 (29.01%)
Smoking status (%) 0.001
Never 814 (60.16%) 57 (43.51%)
Now 331 (24.46%) 46 (35.11%)
Former 208 (15.37%) 28 (21.37%)
Drinking (%) 7 0.598 '
Never 449 (33.19%) 44 (33.59%)
s agror 295 (21.80%) 21 (16.03%)
nearly every day
3 to 4 times
ek 244 (18.03%) 25 (19.08%)
1 to 2 times
aiely 320 (23.65%) 36 (27.48%)

Less than once

45 (3.33%) 5 (3.82%)

a week

Number of
0.893

pregnancy (%)

<3 901 (66.59%) 88 (67.18%)

>3 452 (33.41%) 43 (32.82%) ‘
Age at 0136
Menarche (%) '

<13 672 (49.67%) 74 (56.49%)

>13 681 (50.33%) 57 (43.51%)
Ol ) 0.042
Contraceptive (%)

No 276 (20.40%) 17 (12.98%)

Yes 1077 (79.60%) 114 (87.02%)
TyG index 6.80 + 0.63 6.99 + 0.68 0.002

Dates were presented as median (Interquartile range) or n (%). BMI, Body Mass Index; PIR,
Poverty Impact Ratio.
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OR 95% CI

Lower Upper
Age 0.164 0.90 0.77 1.04
AMH 0.562 1.07 0.86 1.38
ERRy mRNA 0.007 36.93 3.24 656.16
LH 0.967 0.99 0.62 1.63
FSH 0.279 0.86 0.63 1.10

CI, confidence interval; OR, odds ratio.
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1.0
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0.0

Dxy 0.622
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D 0 351
u -0 027
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ERRB ERRB ERRY ERRY

(Situ endometrial (Ectopic endometrial (Situ endometrial (Ectopic endometrial
tissue) tissue) tissue) tissue)
r° P value r° P value [ P value ro P value
Age (years) 0.149 0.184 0084 0457 0367 0001+ 0.131 0244
BMI (Kg/m‘) -0.191 0.088 -0.072 0.524 -0.323 0.003** -0.118 0.296
AMH 0.144 0.199 0119 0.288 0.289 0.009* 0.071 0528
LH -0.144 0.220 -0.048 0.685 -0.153 0.194 -0.011 0.924
FSH -0.219 0.061 0.135 0.250 -0.306 0.008** 0.097 0.412
LH/FSH 0.163 0.116 -0.180 0.056 0.233 0.046* -0.145 0.216

“Correlation between ERR mRNA and various fertility indicators in the endometrium; *Correlation between ERRB mRNA and various fertility indicators in the ectopic endometrium. *P < 0.05;
P <0.01.
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Patients with severe endometriosis treated by surgery
from January 2018 to June 2019 (ASRM staging method)

(N=90)
: Inclusion criteria: : | i Excluded cases: (N=9)
: 1. Women of childbearing age who have : i 1. Premature ovarian failure (N=1); :
a pregnancy plan within 24 months; 2. Diagnosis of polycystic ovary syndrome :
: 2. Regular menstruation; f i (N=2);
3. No history of hormone therapy: 3. Adenomyosis and uterine fibroids (N=5); :
: within 3 months before surgery; : | 4. Combined with systemic endocrine :
4. No history of pelvic surgery; diseases such as hyperprolactinemia or :
i 5. No history of ovarian or endometrial{ | : thyroid dysfunction (N=1).
| AGIANCY: e |

Patients with severe endometriosis

(N=81)

: Primary or secondary :

Infertile Sroup ¢ : . infertility that excludes Wil l‘tlllty Control group
(N=47) * the infertility factor of Grou (N—34) ( Age and BMI
= (kb o matched) (N=38)
24 months
follow-up

- 1Loss to
Follow—up

To analyze the
predictive value of
ERRp and ERRY on

postoperative fertility

The mRNA expression
of ERRp/ ERRY in
endometrial tissues
was compared

The levels of ERRJ
and ERRy in serum
were compared
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with hysteroscopy without hysteroscopy Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H. Random, 95% CI M-H, Random, 95% CI
1.1.1 before 1st IVF/ICSI

Abid2021 22 68 18 83 5.5% 1.49[0.87, 2.54]

Alleyassin2016 53 110 42 110 8.5% 1.26 [0.93, 1.71]

Elsetohy2015 68 97 44 96 9.3% 1.53 [1.19, 1.97] D
Hu2012 34 80 17 80 6.0% 2.00 [1.22, 3.27] =
Li2015 33 78 17 78 6.0% 1.94 [1.18, 3.18] T
Seyam2014 57 100 15 100 5.9% 3.80[2.31, 6.24] -
Shawki2012 40 105 30 110 7.3% 1.40[0.95, 2.06]

Shokeir2016 10 60 7 60 2.8% 1.43 [0.58, 3.50]

Smit2016 266 369 231 373 11.2% 1.16 [1.05, 1.29] -

Subtotal (95% CI) 1067 1090 62.6% 1.61 [1.27, 2.04] ‘

Total events 583 421

Heterogeneity: Tau? = 0.08; Chi? = 33.20, df = 8 (P < 0.0001); I> = 76%
Test for overall effect: Z = 3.97 (P < 0.0001)

1.1.2 1 or more IVF/ICSI failure

Demirol2004 67 210 45 211 8.2% 1.50 [1.08, 2.07] —=—
El-Toukhy2016 133 323 136 348  10.3% 1.05 [0.88, 1.27]

Mei2021 28 50 9 50  4.5% 3.11[1.64, 5.90] ——
Raju2006 108 255 69 265  9.4% 1.63 [1.27, 2.09] —
Wu2019 26 58 12 58  5.0% 2.17 [1.21, 3.87] I
Subtotal (95% CI) 896 932 37.4% 1.62 [1.18, 2.24] <

Total events 362 271

Heterogeneity: Tau? = 0.10; Chi? = 18.74, df =4 (P = 0.0009); I? = 79%
Test for overall effect: Z=2.95 (P = 0.003)

Total (95% CI) 1963 2022 100.0% 1.59 [1.34, 1.89] 4

Total events 945 692
Heterogeneity: Tau? = 0.07; Chi? = 51.77, df = 13 (P < 0.00001); 1> = 75%
Test for overall effect: Z =5.32 (P < 0.00001)

Test for subaroup differences: Chi?2 = 0.00. df =1 (P =0.96). 17 = 0%

0.05 0.2 1 5 20
Favours [experimental] Favours [control]
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with hysteroscopy  without hysteroscopy Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed. 95% CI M-H. Fixed. 95% CI
3.1.1 before 1st IVF/ICSI

Abid2021 5 68 2 83 1.6% 3.05[0.61, 15.24]

Alleyassin2016 13 110 19 110 16.7% 0.68 [0.36, 1.32]

Shokeir2016 0 60 1 60 1.3% 0.33 [0.01, 8.02]

Smit2016 26 369 21 373 18.4% 1.25[0.72, 2.18]

Subtotal (95% CI) 607 626 38.1% 1.05[0.70, 1.56]

Total events 44 43

Heterogeneity: Chi2 =4.21,df =3 (P = 0.24); I7 = 29%
Test for overall effect: Z=0.22 (P = 0.83)

3.1.2 1 or more IVF/ICSI failure

Demirol2004 7 210 9 211 7.9% 0.78 [0.30, 2.06]
El-Toukhy2016 29 323 33 348 28.0% 0.95[0.59, 1.52]
Mei2021 1 50 5 50 4.4% 0.20[0.02, 1.65]
Raju2006 36 255 25 265 21.6% 1.50 [0.93, 2.42]
Subtotal (95% CI) 838 874 61.9% 1.06 [0.78, 1.45]
Total events 73 72

Heterogeneity: Chi2=4.97,df =3 (P =0.17); I?=40%
Test for overall effect: Z=0.39 (P = 0.69)

Total (95% CI) 1445 1500 100.0% 1.06 [0.83, 1.35]

Total events 117 115
Heterogeneity: Chi? =9.21,df =7 (P = 0.24); I? = 24%

Test for overall effect: Z=0.44 (P = 0.66)

Test for subaroup differences: Chi2=0.01.df=1 (P =0.94). I27=0%

0.01 0.1 1 10 100
Favours [experimental] Favours [control]
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Country

Cases(T/C)

Inclusion Criteria

Treatment

group interventions

Control group

Outcomes

Abid2021 (13)

Alleyassin2017 (14)

Demirol2004 (15)

Elsetohy2015 (16)

El-Toukhy2016 (17)

Hu2012 (18)

Li2015 (19)

Mei2021 (20)

Rama Raju2006 (21)

Seyam2015 (22)

Shawki
2012 (23)

Shokeir2016 (24)

Smit2016 (25)

Wu2019 (26)

Tunisia

Iran

Turkey

Egypt

The UK, Belgium,
Ttaly and the
Crech Republic.

China

China

China

India

Egypt

Egypt

Egypt

Netherlands

China

84/87

110110

210211

97/96

350/352

80/80

78078

50/50

255/265

100/100

1201120

60/60

3731377

58/58

Infertile women were eligible for this trial if
they were scheduled to their first IVE.

All patients were younger than 40 years,
having regular cycles (28-32 days per cycle),
having a normal uterine cavity as attested by
normal systematic TVUS transvaginal
ultrasound and HSG (absence of intra-
uterine pathologies such as polyps, fibroids
o septa), having FSH level less than 10 UL/
and an antral follicular count 212. All
patients had a BMI ranged from 19 to 30
Kg/m? and had given their oral consent after
being clearly informed.

Women who had underwent their first
1CSI cycles.

Four hundred and twenty-one patients who
‘had undergone two or more failed IVF
cycles, in which two or more good quality
embryos transferred, paricipated
prospectively in the study.

Subjects with primary or secondary
infertility candidate for ICST by various
indications were scheduled for a first TVF/
ICSI treatment cycle with no abnormality
detected, apart from intramural myomas
without uterine cavity deformity, during
transvaginal ultrasonographic examination
performed during the follicular phase of the
menstrual cycle were included.

Women were eligible f they were younger
than 38 years of age; had a normal
transvaginal ultrasound assessment of the
uterine cavity; reported previously having
two, three, or four fresh o frozen IVE
treatment cycles ending in an embryo
transfer but no pregnancy; and were
undergoing a further treatment cycle of IVE
(with o without intracytoplasmic sperm
injection). Women aged 37 years were
eligible to participate only if they had at least
eight oocytes retrieved in the previous

IVF cycle.

(1) Infrtility factors are mainly female tubal
factors; (2) primary infertility with >5 years
of infertility or secondary infertilty with >3
years of infertilty; (3) no past history of
IVF-ET assisted pregnancy.

(1) Infertility factors are mainly female tubal
factors; (2) primary infertilty with >5 years
of infertility or secondary infertility with >3
years of infertility; (3) no past history of
IVF-ET assisted pregnancy.

(1) Patients with diverticulum secondary to
cesarean section were diagnosed as infertile
based on their medical history, physical
examination and imaging MRI or (and)
ultrasound; (2) Patients with diverticulum
had a second frozen-thaw embryo transfer
after their first failed IVF-ET; (3) Patients
with diverticulum had at least one quality
embryo transferred in a fresh cycle without
pregnancy; (4) Endometrial thickness 28
mm on the day of transfer; (5) Good health
status, clinical physical examination and
laboratory There were no obvious
abnormalities in clinical physical
examination and laboratory examination. (6)
FET transfer of 1 high quality embryo.

Patients who had undergone two or more
failed IVE cycles, in which two or more good
quality embryos were transferred per
procedure, participated prospectively in

this study.

Women previously diagnosed as
unexplained infertility.

Asymptomatic infertlity women (normal
HSG and TVS)

‘Women with unexplained infertility for at
least 1 year and defined as unable to
conceive despite regular intercourse

were enrolled.

Women were eligible for the trial if they
were infertile, scheduled to start IVF or ICSI
treatment, and had a normal transvaginal
ultrasound of the uterine cavity (defined as
no visible intracavitary pathology—eg,
submucous myomas, polyps, or septa)

Patients with infertility who are to undergo
IVE-ET treatment again.

Patients were scheduled for
diagnostic hysteroscopy in the
mid-follicular phase.

IVF was immediately started the
next eycle if hysteroscopy

was normal.

The intervention group underwent
office hysteroscopy before ICSI
cycles. All women in the
intervention group underwent
office hysteroscopy between the
18th and 22nd day of their
‘menstrual cycles.

Patients had office hysteroscopic
evaluation of the uterine cavity
and cervix before commencing
controlled ovarian stimulation for
IVF treatment.

ICSI with hysteroscopy.
Hysteroscopic examination was
scheduled in the early-mid
follicular phase of a menstrual
cycle (day 3-12).

‘Women had an outpatient
hysteroscopy within 14 days of
menstruation and started the IVF
treatment cycle in the following
‘month according to a standard
IVE protocol.

Hysteroscopy is performed and
treated accordingly before the first
IVE-ET cycl, followed by an IVE-
ET cycle.

Hysteroscopy and its treatment
are given before in vitro
fertlisation-embryo transfer

is performed.

Luteal support protocol was given
in both groups. Patients
underwent hysteroscopic
electrodesiccation at 3-7 days after
the end of their menstrual period
1 month prior to the frozen-
thawed embryo transfer.

Patients had office hysteroscopic
evaluation prior to ovarian
stimulation for IVF treatment

Receiving office
microhysteroscopic procedure.

Patients underwent ICSI after
performing office hysteroscopy
using non-touch

vaginoscopic technique.

Women were assigned to undergo
a single, site-specific endometrial
injury guided by hysteroscopy
between days 4 and 7 of the
menstrual cycle (CD4-CD7)

Women were scheduled for
hysteroscopy in the early to
midfollicular phase of the
menstrual cycle in an outpatient
setting without anaesthesia, 1-3
‘months before the start of

IVF treatment.

In the observation group,
hysteroscopy was applied on the
basis of the control group.
Hysteroscopy was applied to the
patients 2-7 d after the

patients’ menstruation.

Immediate IVF.

‘The control group did not
undergo office hysteroscopy before
1CST cycles.

Patients did not have office
hysteroscopic evaluation before
commencing controlled ovarian
stimulation for IVF treatment.

ICSI without hysteroscopy.

Receiving no hysteroscopy before
starting their IVF treatment cycle.

First IVF-ET
without hysteroscopy.

IVF-ET was performed directly
without hysteroscopy
related examination.

Luteal support protocol was given
in both groups. Routine freeze-
thaw transplantation under
abdominal ultrasound guidance.

Without office hysteroscopic
evaluation prior to ovarian
stimulation for IVF treatment.

Without office
microhysteroscopic intervention.

Patients were subjected to ICSI
without office hysteroscopy.

Receiving no intervention.

Immediate IVF.

The control group was given
conventional IVF-ET routine
preoperative screening modality
examination and treatment.

Primary outcome: clinical pregnancy rate
(CPR) after first fresh embryo transfer and
resulting in a live birth rate (LBR).
Secondary outcomes: implantation rate after
first fresh embryo transfer, miscarriage rate,
‘multiple pregnancy rate, duration of
hysteroscopy and side effects (Visual analog
scale and discomfort).

The primary outcome was clinical
pregnancy rate.

Mean number of mature oocytes;
Fertlisation rate;

Number of clinical pregnancies;
Number of first trimester abortions.

Pregnancy rate.

‘The primary outcome was livebirth rate.
Pre-specified secondary outcomes were rates
of pregnancy, clinical pregnancy, embryo
implantation, and miscarriage.

We also recorded abnormal hysteroscopy
findings and hysteroscopy-related adverse
events. A health economic evaluation was
planned and integrated into the trial design.

(1) Hysteroscopic findings and
corresponding management.
(2) Pregnancy outcome (graft implantation
nate, clinical pregnancy rate)

(1) Hysteroscopic findings and
corresponding management,
(2) Pregnancy outcome (graft implantation
rate, clinical pregnancy rate)

(1) HCG positive rate, clinical pregnancy
rate, early miscarriage rate, twin pregnancy
rate, ectopic pregnancy and number of
‘monozygotic twins. (2) Follow up for 6
‘months after treatment to observe the safety
indexes of both groups.

Clinical pregnancy rate; Miscarriages rate;
Live birth rate

Pregnancy outcome.

Clinical pregnancies; Implantation rate

Primary outcome: cumulative clinical PR per
woman.

Secondary outcome: the frst trimester
miscarriage rate.

Primary outcome: ongoing pregnancy within
18 months of randomisation and resulting in
livebirth. Prespecified secondary outcomes:
cumlative rates of implantation and
‘miscarriage and the prevalence of
intrauterine abnormalities. We also aimed to
assess cost caleulations and patient
preference and tolerance of the procedures.

(1) To count the number of cases of
endometrial polyps, uterine adhesions and
in the two groups. (2) To
compare the pregnancy success rate of
patients in the two groups.

anomali
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Studies Hysteroscopy group findings

Demirol2004 (15) Normal:154
Abnormal:56
Endometrial polyps:33
Filmy and mild endometrial adhesions:18
Cervical adhesions:5

Elsetohy2015 (16) Normal:55
Endometrial polyp:9
Submucous myoma:7
Cervical stenosis:6
Intrauterine adhesion:6
Uterine septum:6
Polypoid endometrium:4
Arcuate uterus:2
Unicornuate uterus:2

El-Toukhy2016 (17) Cervical abnormalities: 14
Uterine cavity abnormality: 34
Subtle endometrial abnormality: 41

Rama Raju2006 (21) Normal: 160
Polyps: 32
Stenosis: 30
Endometrial hyperplasia: 12
Synecheae: 12
Septate uterus: 8
Fibroids: 1

Seyam2015 (25) Normal: 70
Endometrial polyps: 20
Submucous fibroids: 3
Intrauterine adhesions: 3
Polypoid endometrium: 3
Bicornuate uterus: 1

Shawki 2012 (23) Normal: 70
Endometrial polyp: 11
Endometrial polyp: 4
Intrauterine adhesion: 4
Intrauterine adhesion: 7
Intrauterine adhesion: 1
Endometritis: 2
Endometrial hyperplasia: 3
Atrophic endometrium: 2
Others: 1
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with hysteroscopy  without hysteroscopy

Study or Subgroup Events Total Events Total Weight
2.1.1 before 1st IVF/ICSI

Abid2021 17 68 16 83 9.9%
Elsetohy2015 58 97 33 96 19.3%
Smit2016 209 369 200 373 28.3%
Subtotal (95% CI) 534 552 57.5%
Total events 284 249

Heterogeneity: Tau? = 0.08; Chi? = 8.27, df = 2 (P = 0.02); 1> = 76%
Test for overall effect: Z=1.43 (P = 0.15)

2.1.2 1 or more IVF/ICSI failure

El-Toukhy2016 102 323 102 348 23.7%
Raju2006 72 255 44 265 18.8%
Subtotal (95% CI) 578 613 42.5%
Total events 174 146

Heterogeneity: Tau? = 0.08; Chi?=4.92, df =1 (P = 0.03); 1> = 80%
Test for overall effect: Z =1.25 (P = 0.21)

Total (95% Cl) 1112 1165 100.0%

Total events 458 395
Heterogeneity: Tau? = 0.04; Chi? =13.97, df =4 (P = 0.007); I?’=71%
Test for overall effect: Z = 2.27 (P = 0.02)

Test for subaroup differences: Chi?2 = 0.00. df =1 (P =0.96). 17 = 0%

Risk Ratio
M-H, Random, 95% CI

1.30 [0.71, 2.37]
1.74 [1.26, 2.40]

1.06 [0.93, 1.20]
1.31 [0.90, 1.90]

1.08 [0.86, 1.35]

1.70 [1.22, 2.37]
1.33 [0.85, 2.08]

1.30 [1.04, 1.64]

Risk Ratio
M-H. Random, 95% CI

0.05 0.2
Favours [experimental]

\

1

5
Favours [control]

20
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Author(s):

Date: 2024-08-31

Question: Clinical pregnancy rate for infertility

Settings:

Bibliography: . hysteroscope for infertility. Cochrane Database of Systematic Reviews [Year], Issue [Issue].

Quality assessment No of patients
No of Risk of . . o Other Clinical Relative Quality| Importance

clinical pregnancy rate

14 randomised |serious! [serious? no serious no serious 945/1963 692/2022| RR 1.59 (1.34 | 202 more per 1000 (from 116 | @®00 [IMPORTANT
trials indirectness imprecision (48.1%) (34.2%) more to 305 more) LOW
128 more per 1000 (from 74
0,
- 21.7% more to 193 more)

clinical pregnancy rate - before 1st IVF/ICSI

randomised |serious! |serious? no serious no serious 583/1067 421/1090( RR 1.61 (1.27 | 236 more per 1000 (from 104 | 200 |IMPORTANT
trials indirectness imprecision (54.6%) (38.6%) more to 402 more) LOW
133 more per 1000 (from 59
- 2180 more to 227 more)

clinical pregnancy rate - 1 or more IVF/ICSI failure

5 randomised |serious! |serious? no serious no serious 362/896 271/932 | RR 1.62 (1.18 | 180 more per 1000 (from 52 | ®®00 |IMPORTANT
trials indirectness imprecision (40.4%) (29.1%) more to 361 more) LOW
21 3% 132 more per 1000 (from 38
27 more to 264 more)

' Distribution concealment is not perfect and blindness cannot be fully completed.
2 Heterogeneity greater than or equal to 75%.

Author(s):

Date: 2024-08-31

Question: Live birth rate for infertility

Settings:

Bibliography: . hysteroscope for infertility. Cochrane Database of Systematic Reviews [Year], Issue [Issue].

Quality assessment No of patients
No of Risk of . . " Other Live birth Relative Quality {Importance

Live birth rate

randomised |serious! [no serious no serious no serious 458/1112 [395/1165|RR 1.3 (1.04 to | 102 more per 1000 (from 14 DPD0 CRITICAL
trials inconsistency indirectness imprecision (41.2%) | (33.9%) more to 217 more) MODERATE
o 88 more per 1000 (from 12
- 29.8% more to 188 more)

Live birth rate - before 1st IVF/ICSI

randomised |[serious! [serious? no serious serious3 284/534 |249/552 |RR 1.31 (0.9 to| 140 more per 1000 (from 45 ®000 CRITICAL
trials indirectness (53.2%) | (45.1%) fewer to 406 more) VERY LOW
107 more per 1000 (from 34
0,
- 34.4% fewer to 310 more)

Live birth rate - 1 or more IVF/ICSI failure

randomised |serious! |serious2 no serious serious® 174/578 |[146/613 | RR 1.33 (0.85 | 79 more per 1000 (from 36 @000 CRITICAL
trials indirectness (30.1%) | (23.8%) fewer to 257 more) VERY LOW
239 76 more per 1000 (from 34
? fewer to 248 more)

1 Distribution concealment and blind law implementation are not perfect.
2 High heterogeneity, >75%.
@ Crossing the equivalence line.

Author(s):

Date: 2024-08-31

Question: Abortion rate for infertility

Settings:

Bibliography: . hysteroscope for infertility. Cochrane Database of Systematic Reviews [Year], Issue [Issuel].

Quality assessment No of patients
No of Risk of . . . Other Abortion Relative Quality| Importance

Abortion

randomised serious! [no serious no serious serious? none 117/1445 [115/1500| RR 1.06 (0.83 to |5 more per 1000 (from 13 fewer| ®®00 [IMPORTANT
trials inconsistency indirectness (8.1%) (7.7%) to 27 more) LOW
7 59 4 more per 1000 (from 13 fewer
o to 26 more)

Abortion - before 1st IVF/ICSI

4 randomised serious!  |no serious no serious serious? none 44/607 43/626 | RR 1.05 (0.7 to |3 more per 1000 (from 21 fewer| ®®00 |IMPORTANT
trials inconsistency indirectness (7.2%) (6.9%) 1.56) to 38 more) LOW
4% 2 more per 1000 (from 12 fewer
(o]
to 22 more)

Abortion - 1 or more IVF/ICSI failure

4 randomised  |serioys! [no serious no serious serious? none 73/838 72/874 | RR 1.06 (0.78 to |5 more per 1000 (from 18 fewer| @200 |IMPORTANT
trials inconsistency indirectness (8.7%) (8.2%) to 37 more) LOW
o 6 more per 1000 (from 21 fewer
9.5%
to 43 more)

' Distribution concealment and blind law implementation are not perfect.
2 Crossing the equivalence line.
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Reports sought for retrieval
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Full-text articles assessed for
eligibility
(n=30)

Studies included in review
(n=14)

Records removed before
screening:

Duplicate records removed
(n=1765)

Reports not retrieved
(n=1285)

Full-text articles excluded:
Treatments did not meet the
inclusion criterias (n = 14);
Lack of information (n = 2);
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Subgroup

Age
<40
>=40), <50
>=50)
Race

Mexican American

Non-Hispanic Black
Non-Hispanic White

Other Hispanic

Participants

2058
1256
562

842
845
1855
183

Other Race (Including Multi-Racial) 151

BMI

Education Level
Under high school
High school

More than high school

Marital Status

Married/ Living with partner

Never Married

Divorced/ Seperated / Widowed
Alcohol Consumption

Never

Former

Mild

Moderate

Heavy
Smoking status

Never

Former

Now
Hypertension

No

Yes
Hyperlipidemia

No

Yes

1394
1031
1451

1082
1413
1381

866
867
2143

2385
813
678

639
579
999
830
829

2361
587
928

2945
931

1395
2481

OR(95%CI

0.943 (0.880, 1.011)
0.994 (0.925, 1.068)
0.897 (0.812, 0.991)

0.998 (0.860, 1.158)
0.962 (0.873, 1.062)
0.923 (0.872, 0.976)
0.930 (0.655, 1.322)
1.115 (0.859, 1.447)

0.937 (0.870, 1.009)
0.927 (0.852, 1.009)
0.978 (0.908, 1.053)

0.919 (0.840, 1.006)
0.920 (0.849, 0.997)
0.965 (0.901, 1.033)

0.862 (0.771, 0.964)
0.895 (0.821, 0.976)
0.989 (0.932, 1.048)

0.932 (0.881, 0.986)
1.049 (0.939, 1.172)
0.949 (0.865, 1.041)

0.868 (0.764, 0.985)
0.964 (0.868, 1.070)
0.958 (0.882, 1.041)
0.922 (0.832, 1.023)
0.977 (0.888, 1.076)

0.961 (0.904, 1.023)
1.026 (0.921, 1.144)
0.895 (0.826, 0.969)

0.957 (0.906, 1.011)
0.930 (0.863, 1.002)

0.938 (0.870, 1.012)
0.955 (0.904, 1.009)

0.8

Plot

1.0

1.2

1.4

p-value

0.100
0.866
0.032

0.977
0.444
0.005
0.687
0.412

0.084
0.080
0.550

0.066
0.042
0.306

0.009
0.012
0.700

0.015
0.396
0.265

0.029
0.490
0.312
0.127
0.642

0.211
0.637
0.006

0.116
0.058

0.100
0.098

P for interaction

0.243

0.550

0.598

0.582

0.043

0.191

0.619

0.117

0.550

0.718
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Group A Group B Group C

GH (n = 199) Control (n = 200) GH (n = 134) Control (n = 152) 7 P GH(n=79 Control(n=82)
Age (years) 3084 (0.19) 30.46 (0.21) 1361 0174 3734 (015) 37.10 (0.14) 1208 0228 4243 (0.19) 4283 (021) 1398 0.164
Duration of 348 (020) 3.15(0.18 1219 0224 405 (034) 495 (0.36) G817 0070 429 (0.52) 430 (051) 0016 0.987
infertility (years)

Type of infertility 2138 0144 0505 | 0477 0102 0750

Primary 54.27% (108/199) 61.50% (123/200) 32.84% (44/134) 28.95% (44/152) 16.46% (13/79) 14.63% (12/82)

Secondary 4573% (91/199) 38.505 (77/200) 67.16% (90/134) 71.05% (108/152) 83.54% (66/79) 85.37% (70/82)
BMI (kg/m?) 2206 (0.20) 2251 (0.22) 5140131 2296 (029) 2234 (021) 1729 | 0085 2302 (028) 2261 (029) 1022 0308
AFC () 5.90 (0.16) 623 (0.18) 1343 0180 626 (021) 5.99(0.17) 1032 0303 491(023) 4.60 (0.21) 1023 0308
AMH (ng/mL) 0.76 (0.03) 079 (0.03) 0757 0450 081 (004) 0.77 (0.03) 0763 | 0446 065 (0.05) 0.65 (0.05) 0005 0.9
Basal FSH (IU/mL) 9.50 (0.33) 878 (0.25) 6535 0085 893 (037) 873 (0.30) 0438 | 0662 1019 (058) 9.29 (0.41) 1270 0206
Basal LH (IU/mL) 456 (0.17) 461 (0.17) 0197 0844 501 (025) 464 (0.17) 1249 0213 532(029) 5.08 (0.22) 0675 0500
Basal E, (pg/mL) 14457 (230) 1604 (2.77) 0406 0685 4990 (391) 373 2.24) 1409 | 0060 4961 (290) 5106 (3.03) 0345 0731
Basal P (ng/mL) 0.46 (0.02) 0.44 (0.02) 1058 0291 045 (002) 0.43 (0.02) 0895 | 0372 045 (0.04) 039 (0.03) 1204 0230
TT (ng/ml) 021 (0.01) 022 (0.01) 0919 0359 020 (002) 0.20 (0.01) 003 | 0971 022(0.02) 022 (002) 0078 0938
PRL (WIU/mL) 33694 (14.05) 322,00 (13.62) 0758 | 0450 31912 (2015) 317.10 (15.10) 0082 | 0935 32426 (3224) 30206 (23.07) 0555 0581

‘The continuous variables were described by using mean (standard error of mean).
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Variables ERA Group ol group e
Implantation Rate (%) 329 (23) 34.7 (69) 0.076
Clinical Pregnancy Rate (%) 512 (22) 48.3 (58) 0.101
Spontaneous Abortion Rate (%) 227 (5) 20.7 (12) 0.040
Live Birth Rate (%) 395 (17) 38.3 (46) 0.019

Data are expressed as mean + standard deviation or median and interquartile spacing, frequency (%). ERA, endometrial receptivity analysis.

P value

0.783

0.750

0.842

0.890
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Variables Before PSM After PSM

Cgorggsl /¢ %22::; L'y Puale
Number of cycles 43 1555 43 120
Age (years) 3198 + 3.11 3229 £ 4.16 0.635 0.529 31.98 +3.11 32.06 + 4.09 0.135 0.893
BMI (kg/m?) 23.13 £ 2.68 23.73 £3.03 1.297 0.195 23.13 £2.68 22.99 + 2,98 -0.272 0.786
Number of years of Infertility (years) 4.40 + 245 355+271 -2.037 0.042 4.40 + 245 428 £293 -0.248 0.804

Type of infertility (%)

Primary infertility 55.8 (24) 37.4 (582) 55.8 (24) 56.7 (68)

Secondary Infel’tility 442 (19) 62.6 (973) 6.009 0.014 44.2 (19) 433 (52) 0.009 0.923
Basic FSH (IU/L) 656215 | 665+276 | 0204 0.838 656+215 | 625£290 | -0656 0513
5::1“(?::“] thicknessatiTrangplantetion | sy 193 931+ 1.58 1119 0.269 9.11% 113 909+128 | -0062 0951
Number of previous Tr:msplant failures 349 £ 1.37 214 £0.44 -12.421 <0.001 3.49 +1.37 3+ 113 -1.246 0.215

Endothelial preparation program (%)

Natural cycle 302 (13) 3223 (503) 30.2 (13) 385 (43)

Atrtificial Cycle 442 (19) 41.9 (652) 44.2 (19) 40.0 (48)

Atrtificial Cycle after down-regulation 9.3 (4) 7.6 (118) 9.3 (4) 33 (4)

Ovulation-promoting cycle 163 (7) 18.1 (282) 0.349 0.95 16.3 (7) 20.8 (25) 3.057 0.383

Number of embryos Transferred (%)

1 372 (16) 434 (675) 37.2(16) 342 (41)
2 62.8 (27) 56.6 (880) 0.655 0418 62.8 (27) 65.8 (79) 0.129 0.720
Type of embryos transferred (%)

D3 186 (8) 343 (533) ‘ 18.6 (8) 258 (31)

D5/D6 72.1 (31) 56.1 (873) 72.1 (31) 525 (63)
D3+D5/D6 93 (4) 9.6 (149) 4.921 0.085 93 (4) 217 (26) 5.428 0.066

Number of quality Embryos transferred (%)

0 372 (16) 375 (583) 37.2(16) 45.8 (55)
1 37.2%16) 394 (612) 37.2(16) 33.3 (40)
2 256 (11) 232 (360) 0.156 0925 25.6 (11) 20.8 (25) 1.002 0.606

Data are expressed as mean + standard deviation or frequency (%). PSM, propensity score matching; ERA, endometrial receptivity analysis; BMI, body mass index; FSH, follicle-stimulating
hormone; D3, Embryos on day 3; D5, Blastocyst on day 5; D6, Blastocyst on day 6.
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Subgroup

Age group
<35
=235

BMI group
<24 kg/m*

> 24 kg/m’

Age group
£.35
235

BMI group
<24 kg/m*

> 24 kg/m*

utcome

294/497 (59.2%)

92/222 (41.4%)

127/246 (51.6%)

259/473 (54.8%)

250/497 (50.3%)

72/222 (32.4%)

105/246 (42.7%)

217/473 (45.9%)

Univariable

OR (95%Cl)

0.83 (0.65 - 1.07)

0.80 (0.52 - 1.22)

0.72 (0.54 - 0.96)

0.42 (0.18 - 0.96)

0.86 (0.67 - 1.09)

0.85 (0.54 - 1.34)

073 (0.54 - 0.98)

070 (0.34 - 1.45)

Clinical pregnancy rate

0.147 294/497 (59.2%)
0298 92/222 (41.4%)
0.027 127/246 (51.6%)
0.04 259/473 (54.8%)

Live birth rate

0201 250/497 (50.3%)
0485 721222 (32.4%)
0.034 105/246 (42.7%)
0335 217/473 (45.9%)

OR (95%Cl)

065 (0.46 - 0.93)

070 (0.39 - 1.28)

0.66 (0.46 - 0.94)

0.54 (0.23 - 1.28)

0.70 (0.49 - 0.98)

0.79 (042 - 1.47)

065 (0.45 - 0.92)

0.96 (0.44 - 2.08)

Multivariable

P value

0.018

0.250

0.020

0.161

0.038

0451

0.015

0912

P for
interaction

0.759

0.363

0.901

0.831

Low VA group as reference. OR, odds ratios. Univariable model adjusts for: None. Multivariable model adjusts for: age, BMI, basal E2.
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Group A Group B Group C

GH (n=199) Control (n=200) T/y> P GH(n=134) Control (n = 152) GH (n =79) Control (n = 82)
COH protocol 1108 0292 1265 0261 2939 0086
GnRH antagonist 53.27% (106/199) 58.50% (117/200) 65.67% (88/134) 59.21% (90/152) 93.67% (74/79) 85.37% (70/82)
GnRH agonist 46.73% (93/199) 41.50% (83/200) 34.33% (46/134) 40.79% (62/152) 633% (5/79) 14.63% (12/82)
1FSH dose (IU) 2738.57 (65.89) 272981 (74.96) 0088 0930 266222 (9226) 281593 (8691) 1213 0226 2368.83 253049 (10924)  -1088 0278
(10030)

TESH duration (day) 1022 (0.18) 978 (0.18) 1735 0083 964 (0.24) 10,03 (0.22) SL197 0232 862(026) 9.11(0.32) L176 | 0241
Serum E; on HCG day (pg/mL) 135531 (72.60) 125639 (56.85) 1076 | 0283 120772 (57.03) 1,284:89 (70.18) 0843 0400 93881 (53.16) 103534 (10675)  -0.809 0420
Serum LH on HCG day (IU/mL) 3.08 (0.27) 385 (0.33) L1813 0071 387 (029) 341 037) 0970 0333 560 (050) 4.67 (049 1327 0.186

Serum P on HCG day (ng/mL) 0.73 (0.03) 00 (0.03) 1677 0094 077 (004) 075 (0.04) 0443 0658 069 (006) 0.57 (0.04) 1626 0.106
Type of trigger 0491 0483 1715 0190 1986 0.159
HCG 90.00% (171/190) 87.76% (172/196) 89.55% (120/134) 84.25% (123/146) 84.21% (64/76) 75.00% (57/76)
Dual trigger 10.00% (19/190) 12.24% (24/196) 10.45% (14/134) 15.75% (23/146) 1579% (12/76) 25.00% (19/76)
Protocol of fertilization 0858 0354 0458 0498 0972 0324
IVE 82.26% (153/186) 85.79% (157/183) 77.95% (99/127) 81.29% (113/139) 8493% (62/73) 78.57% (55/70)
1cst 17.74% (33/186) 14.21% (26/183) 22.05% (28/127) 1871% (26/139) 15.07% (11/73) 21.43% (15/70)
Oocyte retrieval cancellation 452% (9/199) 4.00% (81200) 0670 079 149% (2/134) 6.58% (10/152) 4584 0032 | 633% (5/79) 8.54% (7/82) 0284 0594
rate (%)

‘The continuous variables were described by using mean (standard error of mean





OPS/images/fendo.2025.1486790/table4.jpg
Non-adjusted Adjust | Adjust Il

Exposure
OR (95%Cl) OR (95%Cl) P-value OR (95%Cl)

Selenium Box-Cox 0.951 (0.909, 0.994)  0.027 0.946 (0.902, 0.991)  0.019 0.938 (0.888, 0.991) = 0.021

Selenium Box-Cox group

Q1 1.0[Ref] 1.0[Ref] 1.0[Ref]

Q2 0.872 (0.640, 1.189)  0.386 0.878 (0.639, 1.205)  0.419 0.888 (0.639, 1.235) | 0.480
Q3 0.680 (0.490, 0.945)  0.021 0.675 (0.483, 0.945)  0.022 0.693 (0.485, 0.989) | 0.044
Q4 0.697 (0.503, 0.966)  0.030 0.672 (0.480, 0.940)  0.020 0.662 (0.451, 0.972) = 0.036
Selenium Box-Cox group trend  0.873 (0.786, 0.969) = 0.010 0.863 (0.775, 0.961)  0.007 0.860 (0.761, 0.972) | 0.016

Table data:OR (95%CI) P value.

Outcome variable: Endometriosis.

Exposure variable: Selenium Box-Cox; Selenium Box-Cox group; Selenium Box-Cox group trend.

Non-adjusted model adjust for: None.

Adjust I model adjust for: Age; Race; PIR; Education level; Marital Status.

Adjust II model adjust for: Age; Race; PIR; Education level; Marital Status; BMI; Smoking Status; Alcohol Consumption; Hyperlipidemia; Hypertension; Theobromine; Vitamin B12;
Carbohydrate; PA; Ever taken birth control; Regular period.

CI, confidence interval; OR, odds ratio; Ref, reference; PIR, poverty income ratio; BMI, body mass index; PA, physical activity.
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Unadjusted model Adjusted model®

OR (95%Cl) OR (95%Cl)
P-value P-value
Model |
One line effect 0.949 (0.907, 0.992) 0.020 0.936 (0.887, 0.988) 0.016
Model Il
Turning point(K) = 8.152 8.152
< K effect 1 1.143 (0.928, 1.409) 0210 | 1.113 (0.900, 1.375) 0.324
> K effect 2 0.917 (0.867, 0.971) 0.003 0.905 (0.847, 0.967) 0.003
LRT test 0.042 0.064

Table data: OR (95%CI) P value.

Outcome variable: Endometriosis.

Exposure variable: Selenium Box-Cox.

EMs, endometriosis; OR, odds ratio; CI, confidence interval; LRT, log-likelihood ratio test;
PA, physical activity.

*Adjusted for age, race, PIR, Education level, marital status, BMI, smoking status, alcohol
consumption, hyperlipidemia, hypertension, theobromine, vitamin B12, carbohydrate, PA,
ever taken birth control and regular period.
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Exposure
OR (95%Cl) OR (95%Cl) P-value OR (95%ClI)

Selenium Box-Cox 0.949 (0.907, 0.992)  0.020 0.944 (0.901, 0.989)  0.015 0.937 (0.887, 0.988) = 0.016

Selenium Box-Cox group

Q1 1.0[Ref] 1.0[Ref] 1.0[Ref]

Q2 0.872 (0.640, 1.189)  0.386 0.878 (0.639, 1.205)  0.419 0.889 (0.640, 1.236) = 0.485
Q3 0.680 (0.490, 0.945)  0.022 0.675 (0.483, 0.945)  0.022 0.694 (0.486, 0.991)  0.044
Q4 0.691 (0.498, 0.958)  0.027 0.668 (0.478,0.934)  0.018 0.659 (0.449, 0.967) = 0.033
Selenium Box-Cox group trend 0.871 (0.785, 0.967)  0.009 0.862 (0.774, 0.959) = 0.006 0.859 (0.760, 0.971) = 0.014

Table data: OR (95%CI) P value.

Outcome variable: Endometriosis.

Exposure variable: Selenium Box-Cox; Selenium Box-Cox group; Selenium Box-Cox group trend.

Non-adjusted model adjust for: None.

Adjust I model adjust for: Age; Race; PIR; Education level; Marital Status.

Adjust 1T model adjust for: Age; Race; PIR; Education level; Marital Status; BMI; Smoking Status; Alcohol Consumption; Hyperlipidemia; Hypertension; Theobromine; Vitamin B12;
Carbohydrate; PA; Ever taken birth control; Regular period.

CI, confidence interval; OR, odds ratios; Ref, reference; PIR, poverty income ratio; BMI, body mass index; PA, physical activity.

Selenium Box-cox is in the quartile.

Q1 (-1.109 - 9.830), Q2 (9.831 - 11.375), Q3 (11.377 - 12.819), Q4 (12.820 - 29.253).
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Non-

Variables Endometriosis Endometriosis

Participants 3566 310

Age (years) 37.225 + 10.090 41.229 + 8.323 <0.001

Theobromine (mg) 8.000 (0.000-46.000) 11595 0.063
(0.000-51.750)

Vitamin_BI12 (ug) 3.345 (1.991-5.310) 3.228 (2.120-4.862) 0.397

Gartplydate (o) ?126582: f9»294.036) ?1162;.171;1»283.973) G074

87.625 80.900

Selenium (mcg) (63.912-113.900) (57?368—107.188) 0.007

Selenium Box-Cox 11.393 + 2.638 11.030 + 2.515 V 0.007

Age, n(%) <0.001

<40 1937 (54.319%) 121 (39.032%)

>=40, <50 1127 (31.604%) 129 (41.613%)

>=50 502 (14.077%) 60 (19.355%)

Race, n (%) V <0.001

Mexican American 815 (22.855%) 27 (8.710%)

Other Hispanic 789 (22.126%) 56 (18.065%)

Non-Hispanic White | 1643 (46.074%) 212 (68.387%)

Non-Hispanic Black 177 (4.964%) 6 (1.935%)

Other Race

(Including 142 (3.982%) 9 (2.903%)

Multi-Racial)

PIR 2.645 + 1.644 - 3:133 % 1.627 V <0.001

PIR, n (%) <0.001

<135 1021 (28.632%) 61 (19.677%)

>=1.35, <3.5 1310 (36.736%) 103 (33.226%)

>=3.5 1235 (34.633%) 146 (47.097%)

BMI (kg/m?) 28.895 + 7.542 28.663 + 7.139 0.757

BMI (kg/m?), n (%) 0.687

<25 1282 (35.951%) 112 (36.129%)

>=25, <30 943 (26.444%) 88 (28.387%)

>=30 1341 (37.605%) 110 (35.484%)

Education Level,

n (%) <0.001

Under High School 827 (23.191%) 39 (12.581%)

High School 781 (21.901%) 86 (27.742%)

Mot g 1958 (54.907%) 185 (59.677%)

High School

Marital Status, n (%) <0.001

xzn;jﬁgng 2181 (61.161%) 204 (65.806%)

Never Married 776 (21.761%) 37 (11.935%)

Divorced/ 609 (17.078%) 69 (22.258%)

Seperated/Widowed

Alcohol 0.009

Consumption, n (%)

Never 605 (16.966%) 34 (10.968%)

Former 522 (14.638%) 57 (18.387%)

Mild 903 (25.322%) 96 (30.968%)

Moderate 766 (21.481%) 64 (20.645%)

Heavy 770 (21.593%) 59 (19.032%)

irr(l;)l;mg Status, 0.007

Never 2198 (61.638%) 163 (52.581%)

Former 529 (14.835%) 58 (18.710%)

Now 839 (23.528%) 89 (28.710%)

Hypertension, n (%) <0.001

No 2742 (76.893%) 203 (65.484%)

Yes 824 (23.107%) 107 (34.516%)

Hyperlipidemia, B

n (%)

No 1288 (36.119%) 107 (34.516%)

Yes 2278 (63.881%) 203 (65.484%)

PA, n (%) 0.139

<600 2579 (72.322%) 212 (68.387%)

>=600 987 (27.678%) 98 (31.613%)

b e

No 872 (24.453%) 34 (10.968%)

Yes 2694 (75.547%) 276 (89.032%)

Regular period, n (%) <0.001

No 1148 (32.193%) 195 (62.903%) |

Yes 2418 (67.807%) 115 (37.097%)

Data are reported as the mean + SD, Median (Q1-Q3) or n (%).

Mean + SD or Median (Q1-Q3): P values were calculated by one-way ANOVA (normal
distribution) and the Kruskal-Wallis H (skewed distribution) test, and the median (Q1-Q3)
was used only when the mean value was less than double the standard difference.

PIR, poverty income ratio; BMI, body mass index; PA, physical activity.

Selenium Box-cox is in the quartile.

Q1 (-1.109 - 9.830), Q2 (9.831 - 11.375), Q3 (11.377 - 12.819), Q4 (12.820 - 29.253).
P-value less than 0.05 is expressed in bold.
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Model 1

OR (95%Cl)

P value

Model 2

OR (95%Cl) P value

Model 3
OR (95%Cl)

P value

NHHR
T1
T2
T3

P for trend

Model 1 adjust for: None.

1.19 (1.10,1.29)
Reference
1.59 (1.18,2.15)

1.95 (1.46,2.60)

Model 2 adjusted for age, race, and educational level.
Model 3 adjusted for Age, Race, Educational level, Marital status, PIR, BMI, Smoke status, Alcohol status, Regular menstrual cycle, and Age of menarche.

NHHR, non-High-Density to High-Density Lipoprotein Cholesterol ratio; OR, odds ratio; TC, total cholesterol; PIR, poverty income ratio; BMI, body mass index.
NHHR divided into three equal tertiles: T1 (0.40-1.79), T2 (1.79-2.70), and T3 (2.70-13.93).

P<0.001

P<0.01

P<0.001

P<0.001

1.16 (1.07,1.26) P<0.01

Reference
156 (1.15,2.11) P<0.01
1.80 (1.32,2.43) P<0.001
P<0.001

1.17 (1.07,1.27)
Reference
1.56 (1.15,2.12)

1.79 (1.31,2.44)

P<0.001

P<0.01

P<0.001

P<0.001
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Characteristics Total Infertility

(N=2947) No (n=2605) Yes (n=342)
Age, years 33.07 £7.55 32.76 + 7.57 3539 + 6.94 <0.001
Race, % 0.163
Mexican American 17.54 17.66 16.67
Other Hispanic 1028 10.67 7.31
Non-Hispanic White 33.80 33.21 38.30
Non-Hispanic Black 21.00 20.88 21.93
Other race 17.37 17.58 15.79
Marital status, % <0.001
Living with partner 57.65 55.70 72.51
Living alone 4235 44.30 27.49
Education level, % 0.825
<High school 3475 34.82 134.21
>High school 65.25 65.18 65.79
BMI (kg/ml) 29.72 + 8.40 29.42 + 8.20 32.00 + 9.25 <0.001
PIR, % 0.397
<L5 37.26 37.54 35.09
1.5-3.5 38.14 3823 37.43
235 24.60 24.22 27.49
Smoke status, % | 0.031
Yes 29.22 28.56 3421
No 70.78 7144 65.79
Alcohol status, % 0.889
Yes 75.16 75.20 74.85
No 24.84 24.80 25.15
Regular menstrual cycle, % 0.756
i Yes 89.28 89.21 89.77
No 10.72 10.79 10.23
Age of menarche, % 0.661
<13 50.93 50.79 52.05
213 49.07 49.21 47.95
7 HDL-C (mg/dL) 55.89 £ 1549 56.22 + 1543 53.36 + 15.67 V <0.001
TC (mg/dL) 179.80 + 34.82 179.21 + 34.76 184.27 + 34.97 0.015
NHHR 246 £1.22 242+ 121 272+129 <0.001

Mean =+ SD for continuous variables: the P value was calculated by the linear regression model; (%) for categorical variables: the P value was calculated by the chi-square test.
NHHR, non-High-Density to High-Density Lipoprotein Cholesterol ratio; TC, total cholesterol; PIR, poverty income ratio; BMI, body mass index; OR, odds ratio; CI, confidence interval; Q,
quartile; SD, standard deviation.
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Infertility

<35
=35

<25
25-30
=30
Race
Mexican American
Other Hispanic
Non-Hispanic White
Non-Hispanic Black
Other race
Maritsl status
living with partner
living alone
Education level
<high school
>high school
PIR
<1.5
1.53.5
=35
Regular menstrual cycle
Yes
No
Age of menarche
<13
=13
Smoking status
Yes
No
Alcohol drinkers
Yes
No

OR (95%CI)

OR (95%CI)

1.28 (1.17,1.51)
1.11 (0.99,1.25)

1.35 (1.04,1.77)
110 (0.86,1.39)
1.06 (0.94,1.20)

1.28 (1.03,1.60)
0.85 (0.57,1.27)
1.22 (1.05,1.41)
1.20 (0.96,1.49)
1.08 (0.86,1.35)

1.19 {1.07,1.32)
1.12 (0.95,1.33)

1.15 (0.99,1.34)
1.18 (1.06,1.32)

1.18 (1.03,1.36)
1.19 (1.04,1.36)
116 (0.95,1.42)

1.15 (1.05,1.25)
0.98 (0.86,1.13)

1.21 (1.07,1.36)
1.13 (1.00,1.28)

1.16 (1.02,1.32)
1.18 (1.05,1.32)

1.20 (1.09,1.33)
1.09 (0.92,1.29)

P for interaction
0.129

0.273

0.282

0.567

0.791

0.975

0.058

0.432

0.834

0.321
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NHANES,2013-2018
(n=29401)

Exclusion:

- male participants (n=14452)

Individuals for analysis
(n=14949)

Exclusion:

* participants age<20 years and age>45 years (n=5196);
* pregnant participants (n=190);

Individuals for analysis
(n=9653)

Exclusion:
- missing data of infertility (n=4486);

- missing data of NHHR (n=2130);

Individuals for finally analysis
(n=2947)
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Group A Group B Group C

GH (n = 137)  Control (n = 135) P  GH(n=98) Control(n=98) = GH (n = 54) Control (1 =55  T/* P
Endometrial thickness (mm) 10.93 (0.19) 1075 (021) 0645 0520 1022 (024) 10,55 (0.27) 0885 | 0377 9.32(0.29) 9.48 (0.30) 0386 0700
Number of embryo 180 (0.04) 178 (0.04) 0358 0721 177 (0.04) 183 (0.04) 1061 0290 172 (006) 1.56 (0.07) 1462 0.159
transferred (1)
At least one high-quality 5255% (72/137) 60.77% (82/135) 1855 0173 | 53.06% (52198) 51.02% (50/98) 0082 | 0775 37.04% (20/54) 41.82% (23/55) 0261 0610
embryo transfer cycle (%)

Implantation rate (%) 32.11% (79/246) 36.67% (88/240) L6 0291 3237% (56/173) 22.35% (40/179) 4456 0035 2151% (20/93) 15.12% (13/86) 1213 0271
Clinical pregnancy rate (%) 45.26% (62/137) 48.89% (66/135) 0360 0584 | 48.98% (48/98) 3367% (33/98) 4734 0030 31.48% (17/54) 20.00% (11/55) 1882 0170
Multiple pregnancy rate (%) 27.42% (17/62) 33.33% (22/66) 0528 0468 1667% (8/48) 2121% (7/33) 0268 0605 17.65% (3/17) 18.18% (2/11) 0001 0971

Early miscarriage rate (%) 484% (3/62) 9.09% (6/66) 0884 0347 | 833% (4148) 6.06% (2/33) 0.147 0701 17.65% (3/17) 2727% (3/11) 0368 0544
Live birth rate (%) 40.15% (55/137) 42.96% (58/135) 0222 0637 | 44.90% (44/98) 29.59% (29/98) 4911 0027 25.93% (14/54) 14:55% (8/55) 2191 0139
Gestational age at 3771 (033) 37.88 (031) 0374 0709 3807 (024) 37.97 (036) 0246 0806 3864 (031) 37.88 (0.44) 1462 0.159

delivery (week)
Birth weight (gram) 280259 (84.90) 281074 (7924) 0070 0944 2965.16 (71.16) 311694 (90.29) 1326 0188 304882 (110.99) 2,879.00 (9422) 1046 0.306
Birth height (cm) 47.96 (0.41) 147.89 037) 0118 0906 4851 (0.49) 48.70 047) 0262 0794 49.24 (0.40) 49.10 (0.43) 0219 0828

The continuous variables were described by using mean (standard error of mean).
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Group A Group B Group C

GH (n =190) Control (n = 192) P GH(n=132) Control(n =142) GH (n = 74) Control (n = 75)

Oocytes retrieved (1) 479 (0:20) 479 (0.20) 0011 | 0992 476 (027) 458 (0.22) 0525 0600 335(031) 303 (029) 0776 0439

Ml oocyte () 410 (0.18) 427 (019) 0639 0523 418 (0.22) 392 (020) 0882 0379 276(024) 272 (021) o1 0912

2PN () 285 (0.15) 280 (0.14) 0247 0850 284 (0.19) 270 (0.16) 0594 0553 208 (021) 191 (021) 0571 0569

Cleavage embryo () 284 (0.16) 291 (0.15) 0318 0751 2,98 (0.18) 266 (0.16) 1360 0175 197 (019) 200 (021) 0099 0921

High-quality cleavage embryo (n) 103 (0.10) 112 (0.09) 0642 0521 116 (0.12) 074 009) 2815 0005 0.9 (0.09) 052 (0.09) 1364 0175

Usable blastocyst (n) 038 (0.07) 047 (008) 0858 0392 0.43 (0.10) 028 (007) 1189 0235 024(011) 004 (003) 1843 0.068

High-quality blastocyst (n) 0.12 (0.04) 0,09 (0.03) 0660 0510 0.15 (0.04) 011 004) 0703 0482 009 (0.05) 0 1736 0.086

MII rate (%) 8375% (763/911) 84.89% (781/920) 0448 0503 | 84.55% (531/628) 83.855 (545/650) 0120 0729 80.24% 8282% (188/227) 0522 0470
(199/248)

2PN rate (%) 58.38 (530/908) 56.02% (512/914) 1030 | 0310 | 58.23% (361/620) 58.05% (375/646) 0004 | 0949 59.43% 6L1% (132/216) 0136 0713
(145/244)

Cleavage embryo rate (%) 87.13% (528/606) 87.21% (532/610) 0002 0965 88.34% (379/429) 85.85% (370/431) 1194 | 0275 88.20% 90.79% (138/152) 0556 0456
(42/161)

High-quality cleavage embryo 31.68% (192/606) 33.61 (205/610) 0511 0475 | 3427% (147/429) 23.90% (103/431) 11208 0001 3106% (50/161) 23.68% (36/152) 2132 0144

rate (%)
Blastocyst rate (%) 43.75% (70/160) 5151 (86/167) 1966 | 0.161 | 49.54% (54/109) 41.05% (39/95) 1475 0225 3929% (11/28) 15.38% (2/13) 2302 0126
High-quality blastocyst rate (%) 14.38% (23/160) 10.18% (17/167) 1340 | 0247 | 17.43% (19/109) 15.79% (15/95) 009 0754 1429% (4/28) on3 2058 0151

The continuous variables were described by using mean (standard error of mean).
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285 records identified through

database searching:
o PubMed: n=28 2 additional records identified

Embase: n=22 through other sources

Web of Science: n=146
Scopus: n=89

Identification

Exclusion based on: duplicate studies
in the five databases (n=120)

Exclusion based on non-original articles and the
content was not specific to stem cell-loaded
scaffolds therapy for endometrial injury, including:

literature review: n=56

meta-analysis: n=1

meeting abstract: n=6

editorials: n=1

unrelated studies: n=57

Screening

167 records after duplicates
removed

Eligibility

46 full-text articles
assessed for eligibility

Exclusion based on studies without a control
group, conducted in vitro, in silico only, and
human trials, and studies that unable to find the
full text or extract data, including :

different intervention: n=15

non endometrial injury model: n=6

human experiments : n=4

cellular experiments: n=1

data unavailable: n=6

without finding full text: n=1

o)
O
=
=
[5)
=
p—

13 full-text articles

assessed for eligibility
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Blinding of outcome assessment (detection bias) [ ]
Incomplete outcome data (attrition bias) [ N NMBE

Selective reporting (reporting bias) NN

Other bias [N

0% 25% 50% 75%  100%

[ Low risk of bias [[Junclear risk of bias [l High risk of bias

Bang Xiao 2019

Bing Xu 2021

Donghai Zhang 2023

Huan Yang 2017

Jiayue Huang 2022

Limei Chen 2020

Lingjuan Wang 2020

Wanging Ji 2020

Wei Liu 2023

Xiujuan Hu 2022

Yan Lv 2022

Yifeng Lin 2022
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Experimental Control Odds Ratio Odds Ratio
or Subarou ents a 2 al _wWeis Random, 9 and
Bakry 2022 30 50 13 50 49.0% 4.27 [1.83,9.97] — -
Torky 2022 28 50 23 493 51.0% 1.44(0.65,3.18]
Total (95% CI) 100 99 100.0% 2.45[0.84,7.11]
Total events 58 36 ,
Heterogeneity: Tau®= 0.42; Chi*= 3.38, df= 1 (P = 0.07); F= 70% k + +
- ph 0.01 0.1 1 10 100
Testforoverall affect Z=i1.66 (P =/0.10) Favours [experimental] Favours [control]
Experimental Control Odds Ratio Odds Ratio
—Study or Subaroup __Events _ Total Events Total Weight
Bakry 2022 33 50 13 50 457% 5.52(2.34,13.07)
Torky 2022 43 123 28 120 54.3% 1.77 (1.01,3.10)
Total (95% CI) 173 170 100.0% 2.98 [0.98, 9.06]
Total events 76 a1 \ , , .
Heterogeneity: Tau®= 0.51; Chi*= 4.72, df= 1 (P = 0.03); F= 79%
0.01 0.1 1 10 100
Test for overall effect: Z=1.92 (P = 0.05) Favours [experimental] Favours [control]
Experimental Control Odds Ratio Odds Ratio
—Study or Subaroup __Events _ Total Events Total Weight
Bakry 2022 33 50 15 50 492% 4.53[1.95,10.51)
Torky 2022 29 50 24 49 508% 1.44(0.65,3.18)
Total (95% CI) 100 99 100.0% 2.53[0.82,7.78]
Total events 62 39

== 0.48: ChP= = = E - + d
Heterogeneity: Tau®= 0.48; Chi*= 3.78, df= 1 (P = 0.05); F= 74% e o 3 =5 700

Testfor overall effect: Z=1.62 (P =0.11) Favours leaxperimentsll Favours lcontroll
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Author/
Year

Aleyasin
2016 (27)

Arefi
2018 (31)

Bakry
2022 (32)

Davari
2016 (33)

Eftekhar
2016 (34)

Huang
2020 (35)

Kalem
2020 (28)

Karimi
2020 (36)

Torky
2022 (37)

Rezaei
2020 (38)

Studydesign

RCT

RCT

RCT

RCT

RCT

RCT

RCT

RCT

RCT

RCT

Sample
sizes

112

52

100

100

90

163

157

93

147

34

ET

cycle

Fresh
cycle

Fresh
cydle

Fresh

Fresh
cycle
(n=91)
Frozen
cycle
(n=9)

Fresh
cycle

Frozen

Fresh
cycle

Fresh
cycle

Fresh
cycle

Frozen
cycle

Inclusion criteria

failure of implantation in at least
three consecutive IVF attempts,
in which three embryos of high-
grade quality are transferred in
each cycle

more than two previous IVF/
ICSI-ET failures despite transfer
of at least two good-quality
embryos in each attempt

RIF: clinical pregnancy failure
after three cycles of IVF

RIF: three times
implantation failure despite
transfer of at least four good
quality embryos

with history of at least two
implantation failures

=two failed implantations (each
time containing at least one
high-quality embryo)

RIF: failure to achieve a clinical
pregnancy after the transfer of at
least four good-quality

embryos in a minimum of three
fresh or frozen cycles

unexplained RIF : at least two
pervious unsuccessful IVF/
ICSI cycles,

RIF: three or more failed
attempts with at least four good
quality embryos transferred

at least two failed IVF cycles
with a minimum of three
suitable embryos for transfer

Intervention
group

a single dose of 300ug
G-CSF was
administered

subcutaneously one
hour before the ET.

a single dose of 300pg
G-CSF was
administered
subcutaneously 30
min before

embryo transfer

uterine infusion of
100pg G-CSF on
embryo transfer day

uterine infusion of
300pg G-CSF at the
day of oocyte
retrieval or

starting progesterone

uterine infusion of

300ug recombinant
human G-CSF at the

day of oocyte
retrieval

uterine infusion of
150ug G-CSF three
days before the ET

uterine infusion of
300pg G-CSF once
before HCG
injection

uterine infusion of
150pg G-CSF just
after ovarian puncture

uterine infusion of
100pg G-CSF after
oocyte retrieval

uterine infusion of
300ug G-CSF and
normal saline was
injected
subcutaneously

Control group

did not receive any
additional treatment
before the ET.

did not receive any
additional treatment
before the

embryo transfer.

injected with 500 TU of
intrauterine HCG on

embryo transfer day

injected with normal
saline;

a catheter pass
through the cervix
without any injection

did not receive any
additional treatment

uterine infusion of
normal saline three days
before the ET

uterine infusion of
normal saline once
before HCG
injection

uterine infusion of
normal saline just after
ovarian puncture

uterine infusion of
5001U HCG after oocyte
retrieval; uterine infusion
of normal saline after
oocyte retrieval

300pg G-CSF was
injected subcutaneously
and uterine infusion of
normal saline

RCT: Randomized controlled trials; G-CSF: granulocyte colony-stimulating factor; HCG: human chorionic gonadotropin; IVF: in vitro fertilization;
ICSI: intracytoplasmic sperm injection; ET: embryo transfer; RIF: recurrent implantation failure; EMT: endometrial thickness; CPR: clinical pregnancy rate;
IR: implantation rate; BPR; biochemical pregnancy rate; MR: miscarriage rate; LBR: live birth rate; OPR: ongoing pregnancy rate; EPR: ectopic pregnancy rate.

Outcomes

CPR, IR,
BPR, EPR

CPR, MR, LBR

CPR, IR, BPR

CPR, IR,
BPR, MR

EMT, CPR, IR

EMT, CPR, IR,
MR, LBR

EMT, CPR,
BPR, MR,
LBR, early
premature
birth rate

CPR, LBR,
MR, OPR

CPR, IR,
BPR, MR

EMT,
CPR, BPR
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come (95%Cl) P-value aOR (95%Cl) P-value
Live birth 1.816 (1.149, 2.870) 0.011* 1.838 (1.074, 3.145) ‘ 0.026*
Biochemical pregnancy 1.434 (0921, 2.232) 0.110 1.286 (0.759, 2.178) ‘ 0.350
Clinical pregnancy 1681 (1.090, 2.591) 0.019* 1771 (1063, 2.950) ‘ 0.028*
Ongoing pregnancy 1.873 (1189, 2950) 0.007* 1.849 (1.086, 3.150) ‘ 0.024*

CE, chronic endometritis. OR, odds ratio. aOR, adjusted odds ratio. CI, confidence interval.
P-values were determined using logistic regression models. *P<0.05, **P<0.01.
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Pregnancy outcome

No positive lesion
(n=453)

1-2 positive lesions
(n=113)

>3 positive lesions
(n=98)

Live birth rate (%) 46.00% (207/450) 48.21% (54/112) ‘ 31.96% (31/97)™* 0.027*
| Biochemical pregnancy rate (%) 67.11% (304/453) 72.57% (82/113) ‘ 59.18% (58/98) * 0.118
Clinical pregnancy rate (%) 58.28% (264/453) 63.72% (72/113) ‘ 45.92% (45/98) “*P** 0.026*

Ectopic gestation (n) 3 1 ‘ 1
Ongoing pregnancy rate (%) 48.22% (217/450) 49.11% (55/112) ‘ 32.99% (32/97) b+ 0.019*
16.67% (44/264) 22.22% (16/72) 26.67% (12/45) 0.207

Early miscarriage rate (%)

Values were presented as percentages (%). P-values were determined using Pearson’s chi-square tests. *Statistically significant difference between the no positive lesion group and the >3 positive
lesions group. "Statistically significant difference between the 1-2 positive lesion group and the >3 positive lesions group. *P<0.05, **P<0.01.
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IRF

IRF1 (192-199)

IRF2 (200, 201)

IRF3 (202-207)

IRF4 (208-212)

IRF5 (213, 214)

IRF7 (215-218)

Expression

Prevalently in
multiple tissues
and cell lines.

Similar to IRF1

Most tissues
and cell lines.

Exists in cells
with high
energy
metabolism and
is abundant

in lymphocytes.

Mainly in B-
cells and
DCs.

Most tissues
and cell lines.

Target genes in immune cell

IFN-inducible genes (iNOS, Caspase-1,
Cox-2 etc.)

Connected with MyD88 and TLR
signaling genes (IFN-B, IL-4, IL-12, IL-
15, PPARy).

Attenuates type I TEN (Just like
IRF1);

Connected with MyD88 and TLR
signaling genes(IL-4 and IL-12).

Induces type I IFNs (IFN-0/f)
DNA stimulation(ERK2, IKKB, PPARY)
TLR stimulation

Microglia stimulation(IL-22).

Connected with IRF5, MyD88 and TLR
signaling genes (IRF5, IL-4, CREB
and SRF)

Connected with MyD88 and TLR
signaling genes (TNF-0, IL-6, IL-12);
Participates in metabolic disease

(TGE-B1).

Connected with MyD88 and TLR
dependent induction of type I IFNs
(IFN-a/B)

DNA stimation(IKKpB)

Functions

Acts to block the cell cycle and induce
apoptosis; participates in NK cell
development and CD8+ T cell
differentiation; promotes T cell
differentiation toward Thl; accelerates
myocardial remodeling, Ischemia-
Reperfusion(I/R)-induced liver injury
and TIDM.

Influences type T TEN response; involved
in NK cell development and CD4+ DC
differentiation; promotes T cell
differentiation toward Th1.

Induces type I IFNs; Maintains insulin
sensitivity and lipid homeostasis; reduces
inflammation and myocardial
hypertrophy; participates in I/R injury
tolerance induced by pretreatment with
TLR ligands; exacerbates hepatic I/

R injury.

Retards IRF5 interaction with MyD88
and reduces tlr-dependent inflammation;
required for differentiation of CD4+ DCs,
pDCs and macrophages; involved in B-
lymphocyte development.

Participates in IR and
obesity.

Deteriorates obesity, hepatic steatosis,
and the related inflammation.

Connec to IR in PCOS

Enhances androgen sensitivity and
worsens the body’s inflammatory
response via the TGF-B/IRF1 signaling
pathway; the pathway leading to IR in
PCOS may resemble that in T2DM, with
regulation by the troponin I type 3
(TNNI3) and Baculoviral IAP Repeat
Containing 3(BIRC3) genes.

No studies have been done, the
‘mechanism of action may be similar to
that of IRF1

IRF3 enhances adipose inflammation and
IR through its downstream IKKB/NF-xB
and PPP2R1B-AMPK/AKT pathways.
Activation of IFN-B/IL-10 induced the
transformation of macrophages into M1
type in white adipose tissue. TLR3 and
TLR4 upstream of IRF3 participate in
proinflammatory lipogenesis and IR by
activating IRF3. Upstream IL-22/IL-22R1
inhibits IRF3 from increasing M2-type
macrophage differentiation and
alleviating symptoms.

Within the adipose tissue of obese PCOS
patients may be associated with reduced
macrophage secretion of pro-
inflammatory factors (IL -1B and

TNF -a).

There are no detailed reports in the
literature, but IRF5 levels are elevated in
obese patients.

In PCOS patients, IRF7 causes low-grade
chronic inflammation and IR through
androgen-dependent TLR4/IRF-7/NF-kB
signaling, and metformin targets this
pathway to alleviate symptoms; IRF7 also
modulates MCP-1 transcription in
adipose tissue, resulting in macrophage
aggregation and pro-inflammatory effects
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Transfer Own Gestational

Attempt Uterus (%) Carrier (%)
1st Attempt 45 70
2nd Attempt 35 65
3rd Attempt 28 60
4th Attempt 20 55
5th Attempt 15 50

This table presents hypothetical pregnancy rates per attempt for patients with uterine factor
infertility, comparing outcomes for those using their own uterus versus a gestational carrier.
The data indicate that pregnancy rates are significantly higher for each attempt when a
gestational carrier is used, as opposed to the patient’s own uterus. A 2020 CDC report on ART
outcomes further supports this trend, showing that gestational carrier cycles have high success
rates, particularly when using donor or euploid embryos (44, 45).
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Transfer Own Gestational

Attempt Embryos (%) Carrier (%)
1st Transfer 60 70
2nd Transfer 50 65
3rd Transfer » 40 60
4th Transfer 35 55
5th Transfer 30 50

This table displays live birth rates segmented by the number of transfer attempts and whether
the embryo was transferred into the patient's own uterus or into a gestational carrier. The data
reveal a general trend of decreasing success rates with each successive transfer attempt for
both groups. However, live birth rates consistently remain higher when using a gestational
carrier, particularly in later attempts. (Sources: SART registry, https://www.sart.org/; HFEA
registry, https://www.hfea.gov.uk/about-us/data-research/; Australian and New Zealand
Assisted Reproduction Database (ANZARD), https://www.unsw.edu.au/research/npesu/
clinical-registries/anz-assisted-reproduction-database#:~:text=The%20Australia%20and%
20New%20Zealand,and%20New%20Zealan%20fertility%20clinics).
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Age Group  Own Embryos (%) Gestational

Carrier (%)

<35 65 72
35-37 55 68
38-40 42 60
41-42 32 50
>42 15 40

Table compares outcomes for women using their own oocytes with those involving a
gestational carrier. (Sources: SART registry, https://www.sart.org/; HFEA registry, https://
www.hfea.gov.uk/about-us/data-research/; Australian and New Zealand Assisted
Reproduction Database (ANZARD), https://www.unsw.edu.au/research/npesu/clinical-
registries/anz-assisted-reproduction-database#:~:text=The%20Australia%20and%20New%
20Zealand,and%20New%20Zealan%20fertility%20clinics).
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Reproductive outcomes for gestational carrier and non-gestational carrier cycles using fresh nondonor or fresh donor
oocytes, United States, 2009-2013.

Fresh no donor oocytes

Gestational Carrier Non Gestational Carrier
Variable N % N % RR(95% CI) aRR(95% Cl)
Among Transfers
Implantation Rate 2,462 303 224,974 259 1.17(1.11-1.22) 1.22(1.17-1.26)
Clinical Pregnancy 1,918 518 178,557 447 1.16(1.12-1.20) 1.14(1.10-1.19)
Live Birth 1,537 415 145,963 36.5 1.14(1.09-1.18) 1.17(1.12-1.21)

Fresh donor oocytes

Among Transfers

Implantation Rate 3,825 53.3 38,45 47.4 1.12(1.07-1.18) 1.11(1.07-1.15)
Clinical Pregnancy 2,669 69.7 28,898 65.0 1.07(1.04-1.10) 1.05(1.03-1.08)
Live Birth 232 60.5 24,537 552 1.10(1.06-1.13) 1.08 (1.05-1.11)

Adapted with permission form 28.
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Outcomes of surrogate gestational carrier cycles,
Australia and New Zealand, 2020.

Gestational carrier No Gestational Carrier
« Clinical pregnancies per FET Fresh
embryo transfer (%) 44.2 « Clinical pregnancies « Clinical pregnancies
« Live Birth rate per per embryo transfer per embryo transfer
embryo transfer (%) 39.1 (%) 38.7 (%) 32.6
« Live Birth rate per « Live Birth rate per
embryo transfer embryo transfer
(%) 31.3 (%) 253

The percentage of live births per embryo transfer in gestational carriers seems to be greater
than that in non-gestational carriers (Report 2020 of ANZARD https://npesu.unsw.edu.au/
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Transfers (%) Pregnancy rates (%) Delivery rates (%)

<34 35-39 >40 <34 35-39 >40 <34 35-39 >40

Albania 20 0 80 50 62,5 50 37,5
Armemia 199 36 44,1 63 454 388 59,3 383 288
Austria

Belarus 174 34,1 486 417 42,6 I 448 125 319 17,9
Belgium 217 217 56.6 333 29.8 26,7 247 233 189

Bosnia-Herzegovina, Federation part

Bulgaria

Czech Republic 11,2 214 67,4 45,5 44,9 42,3 243 24 21,5
Denmark 17,2 252 57,6 355 25,6 252 208 14,2 135
Estonia 6,1 15,9 78 40 46,2 38 26,7 30,8 30,7
Finland 154 20,6 64,1 349 33,1 335 21,7 24,6 238
France 36 42 21,9 30,1 26,4 3L1 24,9 22,1 26,6
Germany

Greece 52 11,8 83 60,6 70,7 51,7 30,3 48,7 347
Hungary

Iceland 23,6 16 60,4 32 294 22 28 29,4 32,8
Ireland 25 0 75 50 333 50 16,7
Italy 5 15 80 43,6 37,4 37,1 253 26 254
Kazakhstan 24,6 27,7 478 548 54,8 46,9 42,6 40,9 334
Latvia 97 12,3 78,1 53,3 36,8 44,6 46,7 263 24,8
Lithuania 50 0 50 100 100 100 100
Luxembourg

Macedonia 47 15,6 79,7 40 39,4 337 40 30,3 17,8
Malta

Moldova

Montenegro

Norway

Poland 168 30,6 52,7 514 42,2 384 333 31,4 247
Portugal 6 17 77 43,1 47,1 44,8 31,2 38 343
Russia 17,8 27,1 55,1 523 52,3 42,1 382 39,8 282
Serbia

Slovakia

Slovenia 0 0 100

Spain 55 19,2 75,3 48,6 50,4 47,1 37 38,6 34,5
Sweden 48,3 34,4 17,2 38,1 39,5 316 313 31,6 158
Switzerland

The Nederlands

Turkey
Ukraine ‘ 237 30,9 454 67,9 65,5 61,1 59,5 62,6 50,5
UK ‘ 18,8 21,6 59,6 0 0

All* ‘ 11,4 21,2 67,5 43,4 45,1 41,9 314 33,8 29,1

*All: percentage of cycles per age group is computed among all countries giving the distribution. Pregnancy and delivery rates are computed for the countries providing them.
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PATIENT'S OWN EGGS
LIVE BIRTHS PER SECOND OR LATER EMBRYO TRANSFERS

GESTATIONAL CARRIER WITH PGT

2020 <35 35-37 38-40 41-42 >42

Number of thaw procedure 385 373 364 180 190

Singleton Births x cycle, % 50,4 56,3 453 49,4 48,4

Live births x cycle, % 53,5 59,2 48,9 51,7 49,5
Confidence Intervals 48,5-58,5 54,3-64,2 4,8-54 44,4-59 42,4-56,6

The performances indicate a nonsignificant difference in the implantation rate with age, which is a sign of the absence of extraembryonic factors in gestational carriers (those who already
had children).
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PATIENT'S OWN EGGS
LIVE BIRTHS PER INTENDED EGG RETRIEVAL (FIRST EMBRYO TRANSFERS)

GESTATIONAL CARRIER WITH PGT

2020 <35 35-37 38-40 41-42 >42
Number of cycle started 337 193 154 51 11
Singleton Births x cycle, % 60,8 60,1 552 45,1 4/11
Live births x cycle, % 62,6 62,7 59,1 47,1 6/11
Confidence Intervals 57,4-67,8 55,9-69,5 51,3-66,9 33,4-60,8

The results indicate a nonsignificant difference in implantation rate with age, as indicated by the absence of extraembryonic factors in gestational carriers (those who already had children).
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PATIENT'S OWN EGGS

LIVE BIRTHS PER SECOND OR LATER EMBRYO TRANSFERS
NO GESTATIONAL CARRIER WITH PGT

2020 <35 35-37 38-40 41-42 >42

Number of thaw procedure 8.992 6.765 5.520 2.017 1.194

Singleton Births x cycle, % 48,6 49,9 49,0 48,1 45,6

Live births x cycle, % 50,9 51,7 50,5 49,5 46,5
Confidence Intervals 49,8-51,9 50,5-52,9 49,2-51,8 47,3-51,7 43,7-49,3

There were no significant changes in the implantation rate among the age groups, thus indicating that a selection group where possible previously detected extraembryonic factors were excluded
or treated.
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PATIENT'S OWN EGGS

LIVE BIRTHS PER INTENDED EGG RETRIEVAL (FIRST EMBRYO TRANSFERS)
NO GESTATIONAL CARRIER WITH PGT

2020 <35 35-37 38-40 41-42 >42
Number of cycle started 19.905 14.868 14.024 6.311 2.960
Singleton Births x cycle, % 43,9 37,2 28,5 17,3 757
Live births x cycle, % 45,5 384 29,3 17,6 7.8
Confidence Intervals 44,8-46,2 37,6-39.2 28,5-30,1 16,6-18,5 6,8-8,8

A significant decrease in performance with increasing age is a sign of an increase in the incidence of extraembryonic factors associated with successful implantation.
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Training coh Testing cohort

indicators (n = 500) n = 215) tzvalie

Age, year 33 (30-35) 33 (31-35) 1.011 0.312
BMI, kg/m* 21.52 + 341 2171 £3.79 0.654 0.513
FSH, TU/L 7.27 (6.17-8.69) 7.19 (6.01-8.63) 0.559 0.576
LH, IU/L 6.75 (5.89-7.65) 6.75 (5.89-7.58) 0.080 0.937
E,, pg/mL 349 (29.6-39.3) 34.2(29.2-39.7) 0.073 0.941
AMH, ng/ml 147 £ 0.42 1.49 + 041 0.566 0.571
EMT, mm 891 + 1.79 8.88 + 1.87 0.230 0.818
Endometrial volume, ml 495 £ 0.96 495 £0.98 0.060 0.952
Young’s modulus value, kPa 12.5 (10.6-14.3) 12.7 (10.9-14.3) 0988 0323
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VI, % 239 £0.59 2.44 +0.58 1.062 0.289
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400 uRPL patients 400 successful pregnancies
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Menstrual Cycle: 27-35 days

Normal ovarian reserve
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No major gynecological surgeries history
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Reference
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Significant findings

Nasiri N
etal. (22)

Massimi I at
al (23).

Saad-Hossne
Retal. (24)

Siqueira JM
etal. (25)

Efstathiou JA
atal (26).

Ylikorkala O
etal. (27)

2021

2018

2016

2011

2005

1983

to assess whether aspirin and aloe-emodin as anti-inflammatory
compounds could suppress the invasive activity of human
endometrial stromal cells at stage IV endometriosis.

to verify whether aspirin and other NSAIDs enhance MRP4
expression in 12Z human endometriotic epithelial cells and
whether this was PPARa dependent.

to investigate the efficacy of intralesional 20% aspirin injection for
treatment of experimental peritoneal endometriosis.

to estimate the effects of introduction of acetylsalicylic acid
solution into peritoneal implants in autologous endometrium as a
method for treating endometriosis.

To determine whether NSAIDs affect the establishment and
progression of endometriotic lesions in a murine model.

To study the production of prostacyclin (PGI2) and thromboxane
A2 (TxA2) in endometriosis in vitro

In
vitro
(Cellular)

In
vitro
(Cellular)

In vivo
(rabbits)

In vivo
(rabbits)

In vivo
(mice)

In
vitro
(Cellular)

Eutopic endometrial stromal cells seem to have a semi-
invasive activity which is largely suppressed by aloe-
emodin or aspirin (as potent NF-kB inhibitors).

aspirin and other NSAIDs enhanced MRP4 mRNA and
protein expression with PPARa expression induced

Intralesional 20% aspirin injection caused total destruction
of peritoneal endometriosis foci in rabbits.

Acetylsalicylic acid solution effectively led to less growth of
endometrial implants.

Chronic administration of certain NSAIDs could limit the
progression of endometriosis in a murine model.

The production of prostanoids tended to be greater in the
serosal than in the ovarian endometriosis.
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To test the efficacy of three anti-
prostaglandins in patients with pelvic
endometriosis in addition to their in
vitro data

To evaluate the effect of
prostaglandin-inhibitors
(acetylsalicylic acid, indomethacin
and tolfenamic acid) on symptoms of
endometriosis (especially pelvic pain)

To examine the effect of piroxicam
treatment for priming of the uterus
on the pregnancy outcome of IVE-
embryo transfer (ET) programs.

to evaluate the effect of NSAID
administration before embryo
transfer on pregnancy rates in
women undergoing IVF/
intracytoplasmic sperm injection
(ICSI)-ET.

A double-
blind,
placebo-
controlled
trial.

A double-
blind,
placebo-
controlled
trial.

Prospective,
double-
blinded
placebo-
controlled
clinical study.

Prospective,
double-
blinded
placebo-
controlled
clinical study.

18 patients with
pelvic endometriosis

18 patients with
pelvic endometriosis

188 fresh and 78 frozen-
thawed ET cycles of
patients with
endometriosis or other
infertile factors

255 patients diagnosed
with primary or
secondary infertility
caused by endometriosis
or other infertile factors

Candidates sustained no relief for their endometriotic
symptoms from the treatments with acetylsalicylic acid,
indomethacin and tolfenamic acid

Tolfenamic acid relieved endometriotic symptoms
more effectively than placebo while indomethacin and
acetylsalicylic acid did not differ from placebo

during menstruation.

piroxicam increases implantation rate and pregnancy
rate after IVF-ET in both fresh and frozen-thawed ET
cycles. The beneficial effect seems to be more
remarkable in patients less than 40 years old with
tubal, male infertility, or endometriosis factors.

There is no additional effect on pregnancy outcome
after NSAID administration before ET in patients
undergoing IVF
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Ki-67:
Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Donghai Zhang 2023 61.679 11.015 15 40.053 7.961 15 54.0% 2.19[1.26, 3.12] ——
Jiayue Huang 2022 7.62 0.55 3 2.08 0.2 3 0.4%  10.71[0.25, 21.17] —_—p
Limei Chen 2020 (28 days) 41.07  9.509 5 17.122 9.384 5 14.6% 2.29[0.50, 4.08] _ % ¢
Limei Chen 2020 (7 days) 86.8 19.392 5 27.065 18.164 5 11.3% 2.871[0.83,4.91] —_—
Yifeng Lin 2022 4319 0.527 6 3.201 0.427 6 19.6% 2.15[0.61, 3.70] —_—
Total (95% CI) 34 34 100.0% 2.31[1.63,2.99] i
Heterogeneity: Chi? = 2.87, df = 4 (P = 0.58); I’ = 0% _‘4 712 5 é ["
Test for overall effect: Z = 6.62 (P < 0.00001) Favours [experimental] Favours [control]
IGF-1: Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Bang Xiao 2019 (14 days) 50.186 4.109 3 32.07 4.051 3 183% 3.55[-0.23,7.34] T
Bang Xiao 2019 (21 days) 48.675 7.036 3 33.013 6.298 3 44.9% 1.88 [-0.54, 4.29] T
Bang Xiao 2019 (7 days) 60.008 8.308 3 38.216 3.896 3 282% 2.69[-0.36, 5.74] O
Lingjuan Wang 2020 0.271 0.011 3 0.202 0.009 3 8.5%  5.49[-0.05, 11.03] >
Total (95% CI) 12 12 100.0% 2.72 [1.10, 4.34] ez
Heterogeneity: Chi? = 1.62, df = 3 (P = 0.66); I” = 0% 5 :‘2 ) é i
Test for overall effect: Z = 3.29 (P = 0.0010) Favours [experimental] Favours [control]
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Eligibility criteria
Inclusion criteria

(1) original studies on animal models of endometrial injury

(2) studies that used stem cell-loaded scaffolds as the experimental group and
scaffold-only (cell-free) as the negative control

(3) studies with at least one outcome of endometrial thickness, the number of
endometrial glands, fibrosis area, and number of gestational sacs/
implanted embryos

Exclusion criteria

(1) duplicate studies in the five databases

(2) studies on non-original articles, such as reviews, meta-analyses, case reports,
letters to the editor, editorial commentary, conference abstracts, surveys, or
satisfaction studies

(3) despite being consistent with MeSH terms and free text, the content was not
specific to stem cell-loaded scaffolds therapy for endometrial injury

(4) studies without a control group
(5) studies that were conducted in vitro, in silico only, and human trials

(6) studies that could not find the full text or extract data
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GSE25628
GSE111974
GSE103465
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Platform
GPLY6
GPL570
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GPL17077
GPL16043

GPL10558

mples
8 patients and 9 controls
10 patients and 10 controls
9 patients and 6 controls
24 patients and 24 controls
3 patients and 3 controls

10 patients and 8 controls

ease
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Endometriosis
Endometriosis
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Group
Discovery
Discovery
Validation
Discovery
Discovery
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Experimental Control

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Bing Xu 2021 2.745 2.544 12 0.812 1.723 12 21.8% 0.86 [0.02, 1.70] =

Jiayue Huang 2022 5.5 0.6 4 0.25 0.5 4 6.4% 8.27 [2.41, 14.12] —_—F
Limei Chen 2020 (28 days)  3.113 0.859 5 0.601 0.771 5 17.7% 2.78[0.78, 4.78] S E—

Wanging Ji 2020 5.046 0.978 15 1.127 0.452 15 19.5% 5.01[3.47, 6.54] I —
Wei Liu 2023 9.629 1.027 5 3.199 1.597 5 14.7% 4.33[1.59, 7.06] S
Yifeng Lin 2022 5.889 0.539 8 4.538 0.447 8 19.9% 2.58 [1.16, 4.00] —

Yunxia Zhao 2021 5 3.606 5 0 0 5 Not estimable

Total (95% CI) 54 54 100.0% 3.34 [1.58, 5.09] ey
Heterogeneity: Tau? = 3.49; Chi? = 29.57, df = 5 (P < 0.0001); I* = 83% _54 _‘2 ) i “1

Test for overall effect: Z = 3.73 (P = 0.0002)

Favours [experimental] Favours [control]

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.8.1 mice
Yifeng Lin 2022 5.889 0.539 8 4.538 0.447 8 19.9% 2.58 [1.16, 4.00] —
Yunxia Zhao 2021 5 3.606 5 0 0 5 Not estimable
Subtotal (95% CI) 13 13 19.9% 2.58 [1.16, 4.00] e
Heterogeneity: Not applicable
Test for overall effect: Z = 3.56 (P = 0.0004)
1.8.2 SD rats
Bing Xu 2021 2.745 2.544 12 0.812 1.723 12 21.8% 0.86 [0.02, 1.70] ——
Jiayue Huang 2022 5.5 0.6 4 025 05 4 6.4% 8.27 [2.41, 14.12] _—
Limei Chen 2020 (28 days) ~ 3.113 0.859 5 0.601 0.771 5 17.7% 2.78[0.78, 4.78] —
Wanging Ji 2020 5.046 0.978 15 1.127 0.452 15 19.5% 5.01 [3.47, 6.54] —_—
Wei Liu 2023 9.629 1.027 5 3.199 1.597 5 14.7% 4.33[1.59, 7.06] _—
Subtotal (95% ClI) 41 41  80.1% 3.65 [1.34, 5.96] ——mEE—
Heterogeneity: Tau? = 5.28; Chi? = 29.30, df = 4 (P < 0.00001); I’ = 86%
Test for overall effect: Z = 3.10 (P = 0.002)
Total (95% CI) 54 54 100.0% 3.34 [1.58, 5.09] e
Heterogeneity: Tau? = 3.49; Chi? = 29.57, df = 5 (P < 0.0001); I> = 83% j4 752 5 é j‘

Test for overall effect: Z = 3.73 (P = 0.0002)
Test for subgroup differences: Chi? = 0.60, df = 1 (P = 0.44), I> = 0%

Favours [experimental] Favours [control]

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.10.1 <30 days
Bing Xu 2021 2.745 2.544 12 0.812 1.723 12 21.8% 0.86 [0.02, 1.70] =
Jiayue Huang 2022 5.5 0.6 4 0.25 0.5 4 6.7% 8.27[2.41, 14.12] —_—
Limei Chen 2020 (28 days)  3.113 0.859 5 0.601 0.452 5 16.9% 3.31[1.07, 5.54] _ &
Yifeng Lin 2022 5.889 0.539 8 4.538 0.447 8 20.0% 2.58 [1.16, 4.00] —
Yunxia Zhao 2021 5 3.606 5: ] 0 5 Not estimable
Subtotal (95% CI) 34 34 654% 2.58 [0.76, 4.39] Y
Heterogeneity: Tau? = 2.20; Chi? = 12.01, df = 3 (P = 0.007); I> = 75%
Test for overall effect: Z = 2.78 (P = 0.005)
1.10.2 230 and <60 days
Wanging Ji 2020 5.046 0.978 15 1.127 0.452 15 19.6% 5.01[3.47, 6.54]
Subtotal (95% CI) 15 15 19.6% 5.01[3.47, 6.54] —~
Heterogeneity: Not applicable
Test for overall effect: Z = 6.39 (P < 0.00001)
1.10.3 260 days
Wei Liu 2023 9.629 1.027 5 3.199 1.597 5 15.0% .33 [1.59, 7.06] . T
Subtotal (95% CI) 5 5 15.0% 4.33 [1.59, 7.06] e
Heterogeneity: Not applicable
Test for overall effect: Z = 3.10 (P = 0.002)
Total (95% CI) 54 54 100.0% 3.45 [1.64, 5.25] B
Heterogeneity: Tau? = 3.69; Chi? = 30.16, df = 5 (P < 0.0001); I* = 83% 1 +

Test for overall effect: Z = 3.75 (P = 0.0002)
Test for subgroup differences: Chi? = 4.05, df = 2 (P = 0.13), I” = 50.6%

4 2 0 2 4
Favours [experimental] Favours [control]

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
1.11.1 hydrogel scaffold
Bing Xu 2021 2.745 2.544 12 0.812 1.723 12 21.8% 0.86 [0.02, 1.70] =
Jiayue Huang 2022 5.5 0.6 4 0.25 0.5 4 6.4% 8.27 [2.41, 14.12] —_—
Wanging Ji 2020 5.046 0.978 15 1.127 0.452 15  19.5% 5.01[3.47, 6.54] —
Wei Liu 2023 9.629 1.027 5 3.199 1.597 5 14.7% 4.33[1.59, 7.06] —_—*
Yifeng Lin 2022 5.889 0.539 8 4.538 0.447 8 19.9% 2.58[1.16, 4.00] S
Yunxia Zhao 2021 5 3.606 5 0 [ 5 Not estimable
Subtotal (95% ClI) 49 49 82.3% 3.53 [1.42, 5.63] e
Heterogeneity: Tau? = 4.34; Chi? = 29.26, df = 4 (P < 0.00001); I* = 86%
Test for overall effect: Z = 3.28 (P = 0.001)
1.11.2 collagen scaffold
Limei Chen 2020 (28 days)  3.113 0.859 5 0.601 0.771 5 17.7% 2.78[0.78, 4.78] —_—
Subtotal (95% CI) 5 5 17.7% 8 [0.78, 4.78] =
Heterogeneity: Not applicable
Test for overall effect: Z = 2.73 (P = 0.006)
Total (95% CI) 54 54 100.0% 3.34 [1.58, 5.09] R el
Heterogeneity: Tau? = 3.49; Chi? = 29.57, df = 5 (P < 0.0001); I? = 83% _54 _52 ) é j‘

Test for overall effect: Z = 3.73 (P = 0.0002)
Test for subgroup differences: Chi? = 0.25, df = 1 (P

0.61), I = 0%

Favours [experimental] Favours [control]
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A

Experimental Control Std. Mean Difference std. Mean Difference

Study or Subgroup Mean  SD Total Mean _ SD Total Weight 1V, Fixed, 95% CI WV, Fixed, 95% CI

Bing Xu 2021 2745 2.544 12 0812 1723 12 0.0% 0.86 [0.02, 1.70]

Jiayue Huang 2022 5.5 0.6 4 0.25 0.5 4 0.0% 8.27 [2.41, 14.12]

Limei Chen 2020 (28 days)  3.113 0.859 5 0.601 0.771 5 31.0% 2.7810.78, 4.78] _
Wanging Ji 2020 5.046 0978 15 1127 0452 15 52.4% 5.01[3.47, 6.54] —a—
Wei Liu 2023 9.629 1.027 5 3.199 1597 5 16.6% 4.33[1.59, 7.06] —_—
Yifeng Lin 2022 5.889 0.539 8 4.538 0.447 8 0.0% 2.58 [1.16, 4.00]

Yunxia Zhao 2021 5 3.606 5 0 [ Not estimable

Total (95% CI) 30 30 100.0% 4.20[3.09, 5.31] -

Heterogeneity: Chi® = 3.01, df = 2 (P = 0.22); I” = 34%
Test for overall effect: Z = 7.41 (P < 0.00001)

_SE(SMD)

1.5+

4 2 0 2 4
Favours [experimental] Favours [control]
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A

Cancer (PFI)  Total (N) HR (95%Cl) P value
BLCA 412 1.274 ( 0.949-1.710) —— 01072
BRCA 1086 0814 (0.586-1.130) ——tt 0.2195
CESC 306 1110 (0.698-1.764) —ho——— 06589

COAD-READ 643 0.969 (0.714-1.315) —— 0.8381
HNSC 503 0.851 (0.641-1.129) —L 0.2636
KIRC 539 0.805 (0.589-1.100) —— 0.1741
LIHC 373 0.795 (0.594 - 1.064) et 0.1229

LUAD-LUSC 1027  1.088 (0.887-1335) o— 04183
ov 379 1.229 (0.971-1557) —e—  0.0867
PAAD 179 1.252 (0.850- 1.846) ——— 02554
SKCM 458 0.910 (0.725-1.143) —t 0.4183
STAD 372 1.215 ( 0.853-1.730) ———— 02816
THCA 512 0722 (0.420-1.244) st 0.241
UCEC 553 0.995 (0.704 - 1.406) 0.9789

04 08 12 16
Cancer (DSS)  Total (N) HR (95%Cl) P value
TTBICA 397 1590 (1.109-2280) | ——— 00116
BRCA 1066 0970 (0631-1492)  +—d— 089
CESC 302 0890 (0.524-1514)  —or—t 0.6681

COAD-READ 621 0801 (0513-1250)  r—o-lms 0.3281
HNSC 478 0930 (0.658-1314)  +—a— 0.6817
KIRC 530 0669 (0.456-0980) +—o—| 0.0392
LIHC 365 1201 (0.771-1.872) ——— 04181

LUAD-LUSC 939 0938 (0.712-1.237) o 0.6519

ov 353 1246 (0.943-1.645) i 01222
PAAD 173 1317 (0.830-2.089) ——— 02425
SKCM 451 0761 (0571-1014) o 0.0623
STAD 349 1223 (0.806-1.857) —— 03437
UCEC 551 1086 (0.663-1781)  +—lo— 0.7431

—I_+_I_I—

Cancer (OS)
BLCA
BRCA
CESC

COAD-READ
HNSC
KIRC
LIHC

LUAD-LUSC

ov
PAAD
SKCM
STAD
THCA
UCEC
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41
1086
306
643
503
541
373
1026
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179
457
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HR (95%Cl)
1547 (1.149-2.084)
0.994 (0.720-1.374)
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IL-1:
Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Donghai Zhang 2023 0.925 0.672 10 2.52 0.732 10 58.2% -2.17[-3.33,-1.02] —a—
Huan Yang 2017 0.054 0.009 8 0.1 0013 8 23.0% -3.89[-5.73,-2.05] ——=———
Yan Lv 2022 47.933 1.244 6 51.664 0.818 5 18.7% -3.17[-5.21,-1.14] ————=———
Total (95% CI) 24 23 100.0% -2.76 [-3.64, -1.88] -
Heterogeneity: Chi? = 2.60, df = 2 (P = 0.27); I* = 23% ¢ +

-4 22 0 2 4

Test for overall effect: Z = 6.13 (P < 0.00001) Favours [experimental] Favours [control]

B
IL-6:
Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Donghai Zhang 2023 0.833 0.557 10  3.895 1.097 10 76.4% -3.37 [-4.83,-1.91] —E—
Yan Lv 2022 148.14 4.102 6 165.489 2.658 5 23.6% -4.49[-7.11,-1.86) ——
Total (95% CI) 16 15 100.0% -3.63 [-4.91, -2.36] i
Heterogeneity: Chi? = 0.53, df = 1 (P = 0.47); I = 0% + i\ +

4 2 0 2 4
Favours [experimental] Favours [control]

Test for overall effect: Z = 5.59 (P < 0.00001)

IL-1p IL-6
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05

15

SMD SMD






OPS/images/fendo.2024.1397783/fendo-15-1397783-g011.jpg
A

VEGF:

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Bang Xiao 2019 (14 days) 623.386 125.475 3 390.612 73.305 3 6.1% 1.81[-0.56, 4.18] ]
Bang Xiao 2019 (21 days) 469.584 139.557 3 342.375 50.367 3 10.0% 0.97 [-0.88, 2.82] ——7
Bang Xiao 2019 (7 days) 668.923 141.279 3 408.709 37.368 3 5.4% 2.01[-0.50, 4.53] I
Donghai Zhang 2023 0.837 0.228 15 0.464 0.123 15 42.9% 1.98 [1.09, 2.88] —a—
Jiayue Huang 2022 23.47 0.83 3 5.53 0.5 3 0.1%  20.95[0.66, 41.24] —_—
Limei Chen 2020 (28 days) 0.024  0.004 5 0.014 0.005 5 12.3% 1.99[0.32, 3.67] _
Limei Chen 2020 (7 days) 0.064  0.013 5 0.014 0.012 5 6.1% 3.61[1.23, 5.99] =
Lingjuan Wang 2020 0.034  0.011 3 0.015  0.009 3 7.3% 1.51[-0.65, 3.68] N
Yifeng Lin 2022 7.417 0.3981 6 6.208 0.3225 6 9.7% 3.08 [1.20, 4.96] —
Total (95% CI) 46 46 100.0% 2.06 [1.47, 2.65] >
Heterogeneity: Chi? = 7.74, df = 8 (P = 0.46); I> = 0% _‘,4 _=2 ) 2 j‘
Test for overall effect: Z = 6.88 (P < 0.00001) Favours [experimental] Favours [control]

B
CD31:

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Bing Xu 2021 0.299 0.022 3 0.172 0.022 3 3.6% 4.62 [-0.12, 9.36] "
Limei Chen 2020 (28 days) 14.486 3.315 5 4.564 3.216 5 20.3% 2.74[0.76, 4.72] —_—
Limei Chen 2020 (7 days) 19.339 3.438 5 2.58 3.608 5 10.8% 4.30[1.58, 7.01] —_————}
Wangqing Ji 2020 20 2 6 11 4 6 27.2% 2.63[0.92, 4.34] s
Wei Liu 2023 2.582 0.605 5 1.725 0.564 5 38.1% 1.32[-0.12, 2.77] T
Total (95% CI) 24 24 100.0% 2.40 [1.51, 3.30] <
Heterogeneity: Chi? = 5.02, df = 4 (P = 0.28); I = 20% _94 _’2 ) % 2‘1
Test for overall effect: Z = 5.28 (P < 0.00001) Favours [experimental] Favours [control]
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Bang Xiao 2019 (30 days) 418.71 143.57 3 262.22 33.72 3 5.1% 1.20[-0.78, 3.18] ]
Bang Xiao 2019 (90 days) 423.21 83.27 3 23132 33.52 3 2.5% 2.42 [-0.41, 5.25] &
Bing Xu 2021 443.452 83.97 6 298.119 59.223 6 9.5% 1.85[0.40, 3.29] ——
Donghai Zhang 2023 487.599 52.887 15 387.712 52.153 15 26.0% 1.85[0.98, 2.72] —
Huan Yang 2017 419.159 52.297 6 233.689 26.889 6 3.7% 4.12 [1.81, 6.42] —_—
Jiayue Huang 2022 394.8 21.49 3 263.23 27.46 3 1.0% 4.27 [-0.15, 8.69] T —*
Limei Chen 2020 (28 days) 420.187 68.292 5 145.853 64.884 5 3.4% 3.72[1.29, 6.15] S
Limei Chen 2020 (7 days) 292.281 42.875 5 140.218 39.008 5 3.9% 3.35[1.09, 5.61] &
Lingjuan Wang 2020 4,266.7 555.8 3 1,066.7 665 3 1.1% 4.18 [-0.16, 8.52] N T
Wanqing Ji 2020 360 90 6 210 120 6 11.8% 1.31[0.01, 2.60] —*
Wei Liu 2023 693.882 114.873 5 595.391 101.502 5 11.4% 0.82 [-0.50, 2.14] N
Yan Lv 2022 437.472  45.159 6 341.724 59.372 5 9.1% 1.68[0.21, 3.16] _
Yifeng Lin 2022 292.3 19.14 6 228271 16.356 6 5.1% 3.32[1.34,5.30]
Yunxia Zhao 2021 228.8 2.254 5 217.8 5.839 5 6.4% 2.24[0.47, 4.02]
Total (95% CI) 77 76 100.0% 1.99 [1.54, 2.44] L 4
Heterogeneity: Chi? = 15.49, df = 13 (P = 0.28); I* = 16% & '12 73 S 3

Test for overall effect: Z = 8.74 (P < 0.00001)

SE(SMD)

Favours [experimental] Favours [control]
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI IV, Fixed, 95% CI
Bang Xiao 2019 (30 days)  14.125 1.553 3 5.75 1.035 3 0.9% 5.08 [-0.08, 10.23] —
Bang Xiao 2019 (90 days) 12.015 2.263 3 7.35 0.935 3 3.3% 2.16 [-0.47, 4.78] I
Bing Xu 2021 20.778 3.592 6 9.017 1.237 6 4.4% 4.04 [1.77, 6.32]
Donghai Zhang 2023 24.806 5.881 15 14.283 4.756 15 29.1% 1.91[1.03, 2.80] —
Huan Yang 2017 7.462 1.91 6 3.912 1.554 6 10.7% 1.88[0.42, 3.34] — .
Jiayue Huang 2022 14 1.73 3 5.33 4.04 3 3.2% 2.23[-0.45, 4.92] T
Lingjuan Wang 2020 4.9662 1.4935 3 3.632 1.006 3 7.1% 0.84 [-0.96, 2.63] 1 =
Wanging Ji 2020 18 6 6 9 4 6 11.9% 1.63 [0.25, 3.01] —_—
Wei Liu 2023 9.625 5.162 5 5.187 2.942 5 12.5% 0.95 [-0.40, 2.31] =
Xiujuan Hu 2022 7.17 1.054 3 3.088 1.684 3 3.0% 2.32[-0.43, 5.08] T = "
Yifeng Lin 2022 34.373  2.065 6 28.04 2311 6 7.6% 2.67[0.94, 4.39] —
Yunxia Zhao 2021 19.36 2.063 5 14.55 1.293 5 6.4% 2.52[0.64, 4.41] —_—
Total (95% CI) 64 64 100.0% 1.93 [1.45, 2.41] <
Heterogeneity: Chi? = 9.59, df = 11 (P = 0.57); I* = 0% 714 —:Z ) é ‘:‘
Test for overall effect: Z = 7.92 (P < 0.00001) Favours [experimental] Favours [control]
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
Donghai Zhang 2023 216 7.971 15 39.973 7.604 15  36.2% -2.29[-3.24,-1.35] —
Huan Yang 2017 0.394  0.044 8 0.54 0.041 8 12.4% -3.25[-4.87,-1.62] —_—
Jiayue Huang 2022 45.6 0.4 3 75.1 4.8 3 0.7% -6.93[-13.81,-0.05] +———————————————
Limei Chen 2020 (28 days) 37.652 6.756 5 58.73 7.008 5 8.2% -2.77[-4.76, -0.78] — %
Limei Chen 2020 (7 days) 43.353  5.807 5 61.259 6.201 5 8.5% -2.69[-4.65, -0.73] _
Lingjuan Wang 2020 5.5955 3.6572 3 14.2131 13.7193 3 10.9% -0.69 [-2.42, 1.05] S
Wei Liu 2023 4.029 1.304 5 7.486 2.185 5 13.1% -1.74[-3.31,-0.16] — % |
Xiujuan Hu 2022 27.009 4.981 3 55.875 1.083 3 0.8% -6.41[-12.80,-0.02] |
Yifeng Lin 2022 0.279 0.016 6 0.374 0.027 6 6.5% -3.95[-6.19, -1.72]
Yunxia Zhao 2021 39.55 0.413 5 45.17 1.196 5 2.8% -5.67[-9.10, -2.25]
Total (95% Cl) 58 58 100.0% -2.50 [-3.07, -1.93] <&
Heterogeneity: Chi? = 14.15, df = 9 (P = 0.12); I* = 36% + t ! +

Test for overall effect: Z = 8.60 (P < 0.00001)

SE(SMD)

0

-2 0 2 4

Favours [experimental] Favours [control]
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Experimental

Control

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI IV, Fixed, 95% CI
1.7.1 mice
Yifeng Lin 2022 0.279 0.016 6 0.374 0.027 6 6.5% -3.95[-6.19, -1.72]
Yunxia Zhao 2021 39.55 0.413 5 45.17 1.196 5 2.8% -5.67[-9.10, -2.25]
Subtotal (95% CI) 11 11 9.3% -4.47 [-6.34, -2.59] i
Heterogeneity: Chi? = 0.68, df = 1 (P = 0.41); I = 0%
Test for overall effect: Z = 4.67 (P < 0.00001)
1.7.2 SD rats
Donghai Zhang 2023 216 7.971 15 39.973 7.604 15  36.2% -2.29[-3.24,-1.35] —
Huan Yang 2017 0.394 0.044 8 0.54 0.041 8 12.4% -3.25[-4.87 62] b
Jiayue Huang 2022 45.6 0.4 3 75.1 4.8 3 0.7% -6.93 [-13.81,-0.05] |
Limei Chen 2020 (28 days) 37.652 6.756 5 58.73 7.008 5 8.2% -2.77[-4.76, -0.78] —_—
Limei Chen 2020 (7 days) 43.353 5.807 5 61.259 6.201 5 8.5% -2.69 [-4.65 73] T E—
Wei Liu 2023 4.029 1.304 5 7.486 2.185 5 13.1% -1.74[-3.31,-0.16] — % |
Xiujuan Hu 2022 27.009 4.981 3 55.875 1.083 3 0.8% -6.41[-12.80,-0.02] |
Subtotal (95% CI) 44 44  79.8% -2.52[-3.16, -1.88] >
Heterogeneity: Chi® = 5.02, df = 6 (P = 0.54); I = 0%
Test for overall effect: Z = 7.74 (P < 0.00001)
1.7.3 rhesus monkeys
Lingjuan Wang 2020 5.5955 3.6572 3 142131 13.7193 3 10.9%  -0.69[-2.42, 1.05] —
Subtotal (95% CI) 3 3 10.9% -0.69 [-2.42, 1.05] i
Heterogeneity: Not applicable
Test for overall effect: Z = 0.78 (P = 0.44)
Total (95% Cl) 58 58 100.0% -2.50 [-3.07, -1.93] <&
Heterogeneity: Chi? = 14.15, df = 9 (P = 0.12); I* = 36% 744 jZ ) é }’
Test for overall effect: Z = 8.60 (P; 0.00001) " Favours [experimental] Favours [control]
Test for subgroup differences: Chi? = 8.45, df = 2 (P = 0.01), I’ = 76.3%
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exposure outcome nsnp method pval OR(95% Cl)

Endometriosis B cell %lymphocyte 8 MR Egger 0.669 —— 0.849 (0.415 to 1.736)
8 Weighted median 0.397 '-0—' 1.094 (0.888 to 1.348)
8 Inverse variance weighted 0.377 Fb—! 1.075 (0.915 to 1.264)
8 Simple mode 0.485 H0—| 1.106 (0.846 to 1.448)
8 Weighted mode 0.509 '—:0—| 1.099 (0.843 to 1.432)
Endometriosis CD14 on Mo MDSC 8 MR Egger 0.065 +o— 0.342 (0.135 t0 0.871)
8 Weighted median 0.740 l—Q—c 1.051 (0.784 to 1.407)
8 Inverse variance weighted 0.482 '—Of—| 0.909 (0.697 to 1.186)
8 Simple mode 0.688 '—0—| 1.084 (0.742 to 1.586)
8 Weighted mode 0.725 '—O—i 1.070 (0.744 to 1.539)
Endometriosis CD14+ CD16- monocyte %monocyte 8 MR Egger 0.661 —&— 0.845 (0.413 to 1.729)
8 Weighted median 0.262 i—O—' 1.122 (0.918 to 1.371)
8 Inverse variance weighted 0.262 hO-' 1.097 (0.933 to 1.290)
8 Simple mode 0.714 l—0—| 1.062 (0.779 to 1.448)
8 Weighted mode 0.572 »—-0—| 1.090 (0.820 to 1.449)
Endometriosis CD25 on unsw mem 8 MR Egger 0.988 —— 1.005 (0.530 to 1.905)
8 Weighted median 0.790 '-b—i 1.026 (0.847 to 1.244)
8 Inverse variance weighted 0.640 pb-. 1.036 (0.892 to 1.204)
8 Simple mode 0.824 '—0—- 0.970 (0.748 to 1.257)
8 Weighted mode 0.902 r-qH 0.983 (0.757 to 1.276)

- e Y — Y e
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pe of ART cycle <35y 37y 41-42y 43y
PGT-A cycles 62.5% 60.8% 58.7% 53.7% 483%
Non-PGT-A cycles 46.8% 41.1% 34.7% 255% 16.7%

The well-known dramatic reduction observed in non-PGT-A cycles was not observed in the PGT-A cycles, but an approximately 23% reduction was still observed between the implantation rates
of euploid embryo transfers in the <35 years old group and those in the >43 years old group. Thus, the influence of extraembryonic factors on successful implantation is emphasized.
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exposure nsnp method pval OR(95% Cl)
B cell %lymphocyte 35 Weighted median 0.027 l—.—l 1.074 (1.008 to 1.143)
35 Inverse variance weighted 0.008 I—O—i 1.058 (1.015 t0 1.104)
CD14 on Mo MDSC 24 Weighted median 0.021 l—0—| 1.056 (1.008 to 1.106)
24 Inverse variance weighted 0.021 ,'_._' 1.047 (1.007 to 1.089)
CD14+ CD16- monocyte %monocyte 26 Weighted median 0.024 |—.—| 0.947 (0.903 to 0.993)
26 Inverse variance weighted 0.011 |-.-| 0.958 (0.926 to 0.990)
CD25 on unsw mem 23 Weighted median 0.030 |—0—| 1.055 (1.005 to 1.106)
23 Inverse variance weighted 0.003 l-.-l 1.048 (1.016 to 1.082)
0!8 0!9 1| 1ﬁ1 1!2
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Xiao etal (15) | 1 1 1 0 0 1 1 0 1 1 7
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Huet al (25) 1 I 1 0 0 O 1 0 IE B e
:':"(gz & 1 1 1 0 0 1 1 0 1 1 7
| |
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(1) Peer-reviewed publication; (2) temperature control; (3) randomly allocated animals to treatment or control; (4) blind established model; (5) blinded assessment of outcome; (6) use of
anesthetic on animal model where necessary throughout the study; (7) appropriate animal model; (8) sample size calculation; (9) compliance with animal welfare regulations; (10) statement of
potential conflict of interests. A total score of 10, 0-3 are recognized as high risk, 4-6 as medium risk, and 7-10 as low risk.
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exposure outcome nsnp method pval OR(95% ClI)
B cell % CD3- lymphocyte Endometriosis 29 MR Egger 0.555 ® 1.009 (0.979 to 1.041)
29 Weighted median 0.182 '0‘ 1.024 (0.989 to 1.060)
29 Inverse variance weighted 0.043 i- 1.025 (1.001 to 1.051)
29 Simple mode 0.128 o 1.040 (0.990 to 1.092)
29 Weighted mode 0.182 ™ 1.023 (0.990 to 1.057)
B cell %lymphocyte Endometriosis 35 MR Egger 0.013 r—o—« 1.106 (1.026 to 1.192)
35 Weighted median 0.027 —e— 1.074 (1.008 to 1.143)
35 Inverse variance weighted 0.008 »04 1.058 (1.015 to 1.104)
35 Simple mode 0.096 e 1.121 (0.983 to 1.277)
35 Weighted mode 0.084 »—O—c 1.091 (0.991 to 1.200)
Basophil %CD33dim HLA DR- CD66b- Endometriosis 20 MR Egger 0.302 '--0—| 1.048 (0.961 to 1.144)
20 Weighted median 0.115 — 1.053 (0.987 to 1.124)
20 Inverse variance weighted 0.032 *0' 1.048 (1.004 to 1.095)
20 Simple mode 0.432 r—.—- 1.046 (0.937 to 1.167)
20 Weighted mode 0.156 e 1.059 (0.982 to 1.142)
CCR2 on CD14+ CD16- monocyte Endometriosis 28 MR Egger 0.426 »00 0.986 (0.953 to 1.020)
28 Weighted median 0.303 »04 0.978 (0.938 to 1.020)
28 Inverse variance weighted 0.032 '0' 0.968 (0.940 to 0.997)
28 Simple mode 0.943 >—0—i 0.997 (0.918 to 1.083)
28 Weighted mode 0.184 ron 0.976 (0.942 to 1.011)
CD11c+ monocyte %monocyte Endometriosis 22 MR Egger 0.761 '—0—| 1.018 (0.907 to 1.144)
22 Weighted median 0.254 —o— 1.054 (0.963 to 1.154)
22 Inverse variance weighted 0.037 )—0—' 1.065 (1.004 to 1.131)
22 Simple mode 0.144 -—Q—I 1.112 (0.970 to 1.276)
22 Weighted mode 0.188 -—-—0—4 1.074 (0.969 to 1.190)
CD14 on Mo MDSC Endometriosis 24 MR Egger 0.059 v—0—| 1.063 (1.001 to 1.129)
24 Weighted median 0.021 o 1.056 (1.008 to 1.106)
24 Inverse variance weighted 0.021 w 1.047 (1.007 to 1.089)
24 Simple mode 0.962 r—O—' 1.002 (0.927 to 1.083)
24 Weighted mode 0.063 l—l—| 1.043 (1.000 to 1.089)
CD14+ CD16- monocyte %monocyte Endometriosis 26 MR Egger 0.018 >0« 0.949 (0.912 to 0.988)
26 Weighted median 0.024 r.* 0.947 (0.903 to 0.993)
26 Inverse variance weighted 0.011 '0! 0.958 (0.926 to 0.990)
26 Simple mode 0.339 o 0.961 (0.887 to 1.041)
26 Weighted mode 0.041 e 0.951 (0.909 to 0.996)
CD14+ CD16- monocyte AC Endometriosis 29 MR Egger 0.068 ;-0-! 1.049 (0.999 to 1.102)
29 Weighted median 0.233 HQ—- 1.037 (0.977 to 1.101)
29 Inverse variance weighted 0.044 IO* 1.040 (1.001 to 1.080)
29 Simple mode 0.302 r—v—0—| 1.065 (0.947 to 1.196)
29 Weighted mode 0.140 ot 1.041 (0.988 to 1.097)
CD19 on IgD- CD38- Endometriosis 23 MR Egger 0.110 >—0-" 0.945 (0.885 to 1.010)
23 Weighted median 0.114 o 0.940 (0.871 to 1.015)
23 Inverse variance weighted 0.034 '-0-( 0.951 (0.909 to 0.996)
23 Simple mode 0.919 —e— 0.993 (0.866 to 1.138)
23 Weighted mode 0.102 o 0.944 (0.884 to 1.009)
CD20 on IgD+ CD24+ Endometriosis 24 MR Egger 0.191 '—0-'- 0.943 (0.866 to 1.027)
24 Weighted median 0.208 '—OLI 0.953 (0.884 to 1.027)
24 Inverse variance weighted 0.049 FO-J_ 0.949 (0.900 to 1.000)
24 Simple mode 0.949 —— 0.996 (0.888 to 1.118)
24 Weighted mode 0.124 -—0—4 0.942 (0.875 to 1.014)
CD25 on naive-mature B cell Endometriosis 26 MR Egger 0.037 e 1.064 (1.007 to 1.124)
26 Weighted median 0.140 '—H 1.049 (0.985 to 1.117)
26 Inverse variance weighted 0.044 v-.-« 1.043 (1.001 to 1.087)
26 Simple mode 0.099 »—0—1 1.093 (0.987 to 1.209)
26 Weighted mode 0.065 o 1.056 (0.999 to 1.117)
CD25 on unsw mem Endometriosis 23 MR Egger 0.039 )-0-' 1.045 (1.005 to 1.087)
23 Weighted median 0.030 )-0-' 1.055 (1.005 to 1.106)
23 Inverse variance weighted 0.003 '0' 1.048 (1.016 to 1.082)
23 Simple mode 0.155 '——0—| 1.071 (0.978 to 1.172)
23 Weighted mode 0.022 0 1.060 (1.012 to 1.110)
CD33 on CD33br HLA DR+ CD14~- Endometriosis 22 MR Egger 0.516 HH 1.014 (0.973 to 1.056)
22 Weighted median 0.169 vb- 1.022 (0.991 to 1.054)
22 Inverse variance weighted 0.046 l.l 1.026 (1.000 to 1.052)
22 Simple mode 0.652 —o— 1.016 (0.949 to 1.088)
22 Weighted mode 0.135 'U 1.023 (0.994 to 1.053)
CD33br HLA DR+ AC Endometriosis 30 MR Egger 0.092 l.) 0.974 (0.946 to 1.003)
30 Weighted median 0.155 rOﬂ 0.973 (0.937 to 1.010)
30 Inverse variance weighted 0.018 . 0.972 (0.949 to 0.995)
30 Simple mode 0.375 ] 0.971 (0.911 to 1.035)
30 Weighted mode 0.139 =) 0.974 (0.942 to 1.008)
CD4 on CD39+ resting Treg Endometriosis 15 MR Egger 0.102 r—o—* 1.086 (0.991 to 1.189)
15 Weighted median 0.115 »—H 1.069 (0.984 to 1.162)
15 Inverse variance weighted 0.020 '—0—4 1.075 (1.012 to 1.143)
15 Simple mode 0.376 r—~0—4 1.063 (0.933 to 1.211)
15 Weighted mode 0.215 Ho—i 1.071 (0.966 to 1.188)
CD45RA on naive CD8br Endometriosis 22 MR Egger 0.838 '—0—| 0.989 (0.894 to 1.095)
22 Weighted median 0.167 —o— 0.947 (0.877 to 1.023)
22 Inverse variance weighted 0.037 '-0* 0.945 (0.896 to 0.997)
22 Simple mode 0.061 '—0—| 0.874 (0.765 to 0.999)
22 Weighted mode 0.250 >—0—' 0.938 (0.843 to 1.043)
CM DN (CD4-CD8-) AC Endometriosis 4 MR Egger 0.454 r—ro—- 1.048 (0.948 to 1.160)
4 Weighted median 0.086 —e— 1.082 (0.989 to 1.185)
4 Inverse variance weighted 0.032 ‘—0—« 1.080 (1.007 to 1.159)
4 Simple mode 0.354 v—'—0—1 1.072 (0.946 to 1.215)
4 Weighted mode 0.150 t—o—- 1.087 (0.998 to 1.184)
Naive DN (CD4-CD8-) %T cell Endometriosis 23 MR Egger 0.039 0—0—| 0.928 (0.868 to 0.992)
23 Weighted median 0.242 ._.-.-. 0.956 (0.887 to 1.031)
23 Inverse variance weighted 0.012 rQ* 0.939 (0.893 to 0.986)
23 Simple mode 0.214 '—0—'-' 0.929 (0.829 to 1.040)
23 Weighted mode 0.106 o 0.934 (0.863 to 1.011)
TD CD4+ AC Endometriosis 12 MR Egger 0.459 '—-—0—4 1.075 (0.895 to 1.290)
12 Weighted median 0.066 »—0—1 1.103 (0.994 to 1.224)
12 Inverse variance weighted 0.031 v—.—- 1.096 (1.008 to 1.192)
12 Simple mode 0.097 e 1195 (0.985 to 1.450)
12 Weighted mode 0.057 'l—-.-—> 1.213 (1.015 to 1.448)
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Yang et al (22)

Xiao et al (15)

Chen et al (23)

Jiet al (18)

Xu et al (24)

Hu et al (25)

Huang
etal (26)

Lin et al (27)

Lv et al (28)

Zhang et al (9)

Liu et al (29)

Zhao et al (30)

Wang et al (31)

Year

2017

2019

2020

2020

2021

2022

2022

2022

2022

2023

2023

2021

2020

Animal
species

SD rat
(8-week-old)

SD rat

8D rat (6- to
8week-old)

SD rat

SD rat

SD rat (8- to
12- week- old)

SD rat

ICR mice (8-
week-old)

SD rat (8-
week-old)

SD rat (8-
week-old)

SD rat (8-
week-old)

C57BL/6 mice
(6- to
7week-old)

rhesus monkey
(6- to
7year-old)

Exp (n) /
Con (n)

6/6; 8/8

3/3

5/5

6/6; 15/15

6/6; 12/12;
3/3

3/6

3/3; 4/4

6/6; 8/8

6/5

15/15; 10/10

5/5

10 vs 10

3vs3

Modeling

mechanical
damage

mechanical
damage

removal of
endometrium

scrape of
endometrium

injection
of ethanol

mechanical
injury and
LPS infectious

injection of
95% ethanol

mechanical
injury and
injection of
95% ethanol

mechanical
damage

‘mechanical
scratching

‘mechanical
damage

mechanical
damage

mechanical
injury

Stem cells

BMSCs

BMSCs

MBMSCs

hiMSCs

hUCMSCs

MBMSCs

hAMSCs

hPMSCs

BMSCs

hUCMSCs

hEMSCs

ADSCs

hUCMSCs

Stem
cells
number/
volume

810/ 200ul

6-7 x 10° cells cm™
scaffold / 50ul

5% 107

1 x 10° cells/ml

2% 107 cells ml-1 / 25ul

2% 107 cells ml-1 / 50ul

1% 107 / 100ul

2% 10° / 25ul

1x10° L / 200ul

5 x 10° cells

2% 10°/ 40puL

5% 10°/ 10ul

1-2x107 cells / 50ul

Type
of scaffolds

hydrogel
pluronic F-127

PGS scaffold

collagen scaffolds

3D-printed
hydrogel scaffold

Matrigel
microspheres

collagen scaffold

PPCNg

HA-GEL

Pluronic F-
127 hydrogel

HACHO / Gel-
ADH hydrogel

HA-GEL

ShakeGe 1"™3D

autocross linked
HA-Gel

Duration
of treatment

8 weeks

30 days; 90 days

7 days; 28 days

1 month

21 days

90 days

14 days

7 days

7 days

3 estrous cycles

60 days; 90 days

7 days

2 months

Exp, experimental group, Con control, SD, Sprague-Dawley, BMSCs bone marrow stromal cells, MBMSCs, menstrual blood-derived mesenchymal stem cells, hiMSCs human induced
mesenchymal stem cells, tUCMSCs human umbilical cord-derived mesenchymal stem cells, hAMSCs human amniotic mesenchymal, stem cells, hPMSCs human placenta-derived mesenchymal
stem cells, hEMSCs human endometrium-derived, mesenchymal stem cells, ADSCs, adipose-derived stem cells, PGS poly(glycerol sebacate), LPS, lipopolysaccharide, PPCNg poly (polyethylene
glycol citrate-co-N-isopropylacrylamide) mixed with gelatin, HA-CHO oxidized hyaluronic acid, GEL-ADH hydrazide-grafted gelatin, HA-GEL hyaluronic acid hydrogel.





